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Summary
QUALITY OF MARINE AIR: an overview of 30 years of research
Justification
It is clear that the marine atmosphere is a major component of the marine climate. But it is also obvious 
that the air that we breathe is very important from a health point of view. Heavy metals, e.g., have since 
long been recognised as a major health issue. Exposure to heavy metals has been linked with 
developmental retardation, various cancers, kidney damage, and even death in some instances of 
exposure to very high concentrations. Exposure to heavy metals has also been associated with the 
development of autoimmunity, leading to diseases of the joints and kidneys, such as rheumatoid arthritis, 
or diseases of the circulatory or central nervous systems. (See e.g. the website of UN Environmental 
Program, http://www.unep.org/unep/apa/ich3d.htm: of World Resources Institute, http://www.wri.org/wr- 
98-99/metals.htm, and of the Flemish Environmental Authority, http://www.vmm.be. for much more 
information on heavy metal toxicity). Despite abundant evidence of these deleterious health effects, 
exposure to heavy metals continues in many regions of the world and may increase in the absence of 
concerted policy actions. Once emitted, metals can reside in the environment for hundreds of years or 
more, and bioaccumulation definitely occurs.
It is certain since long (but most people do not realise this) that, on average, about one third of the human 
heavy metal uptake is directly via the breathing of air, one third is via drinking water, and one third via 
food. The latter pathway does include certain edible marine organisms, but this usually forms only a minor 
contribution in this third food segment. In the latter context, it should also be mentioned that we found 
atmospheric deposition to be a major, and for some elements predominant, route for the contamination of 
the marine environment, hence of marine organisms. Hence, definitely, the breathing pathway is more 
important for human health than are the marine ecotoxicology aspects, and moreover, the latter are 
influenced significantly by marine air.
Solid atmospheric particles are by far the major vehicle for heavy metals in the air, and this is relevant for 
both the breathing uptake by humans and the atmospheric deposition to the sea and possible later uptake 
by marine organisms. In our work, for many years a major emphasis has thus been on marine 
atmospheric particles or aerosols. It has been recognised in recent years, by the way, that atmospheric 
aerosols are in general the most threatening component of air pollution, in many ways, and much more 
than any pollutant gas, like ozone or sulphur dioxide. (E.g. it has been proven recently that people living in 
the centre of Antwerp do have 2.5 times more asthma and other chronic obstructive pulmonary diseases 
than people living in the suburbs, and this is probably attributable to atmospheric particles. We are now 
contributing to such studies as well.) With respect to the direct human uptake of contaminants by 
breathing, the particle size of the particles is important. While large atmospheric particles (larger than 1 
( jm  or so) are deposited in the upper respiratory track because, due to their momentum, they cannot 
follow the changing path of the air, the smaller particles can reach the deeper parts of the lungs and are 
deposited in the lung alveoli, from where their components can directly enter the bloodstream, within a few 
minutes. That is one reason why our permanent emphasis on the heavy metal and elemental 
concentrations of marine aerosols as a function of their particle size (and our use of suitable sampling 
devices and analysis techniques for size-segregated aerosols) has certainly been of importance. Finally, it 
is now very clear that the sea-air interaction, in both directions, of pollutants, matter and energy, forms a 
very important aspect of the general marine ecosystem.
Brief Outline of 30 Years of Studies and Results
(Please also refer to the enclosed publication list, and to 25 enclosed full articles; the latter are the only 
ones to which we’ll refer in the text below)
We started research about the marine air quality about 30 years ago, in the Department of Oceanography 
of Florida State University (see e.g. selected article # 1). We had developed particle-induced X-ray 
emission analysis, which appeared to be the most suited for the heavy metal and trace analysis method 
for size-segregated aerosol deposits, and published the first quantitative results for this technique on 
aerosols in the marine environment around Florida in 1974. In these days, the ocean-atmosphere 
interaction had become of interest. It was suspected that air pollution could also directly affect the 
seawater quality, but in the foregoing decade, it had been shown that the reverse process, the impact of 
the seawater and sea surface composition on the coastal air quality, was also important. Indeed, it had
been shown in Eastern Florida that certain algae blooms produced toxins which were transferred into the 
atmospheric aerosols, which are naturally produced by the gas bubble breaking process in breaking 
waves, implying fast transport to the coast and leading to major human discomfort and disease in 
coastline dwellers. We have then studied the ocean-atmospheric transfer of heavy metals and 
radioisotopes, and found that the seawater surface micro layer is enriched with metals (due to their 
binding to hydrophobic natural compounds) and that they were highly enriched concentration in the 
naturally generated marine aerosols. In case of marine pollution or spills by offshore nuclear power 
stations (an option that was considered in Belgium in these days), the contamination could reach the land 
and the people via the air, much faster that one would expect at first sight (see e.g. selected article # 2).
A few years later, in the University of Antwerp, we had started a research group dealing mostly with 
(marine) aerosols. We focused first on the air quality and composition in very remote and pristine marine 
regions to define the background (“pollution is what is present minus what should be there naturally”), e.g. 
in the framework of National Geographic Society projects. Our measurements of heavy metal 
concentrations over the Atlantic and Pacific Oceans and near Antarctica still count among the ones that 
have been least contaminated by the ship or sampling devices (see e.g. selected article # 3, and # 6, in 
the journal Science).
Via contacts in Israel, we were also studying the reasons why psoriatic patients bathing in the Dead Sea 
were temporarily cured in most cases (see selected articles # 4 and 5). We studied the skin penetration of 
trace elements from the saline water and the effect on glutathion peroxidase levels, but the conclusion 
was unambiguous and rather surprising: it is the extremely high bromine level in the breathed Dead Sea 
air (due to photochemical interaction on the very bromide-rich seawater) that is taken up in the patients’ 
blood, has a partial sedating and tranquillising effect and produces the cure. Not surprisingly the Dead 
Sea Works, who had sponsored this work and had hoped to find reasons for selling Dead Sea salt, 
discontinued their support for further detailed research after this result.
Since about 1985, we have put most emphasis on North Sea air, mostly with support of the Belgian OSTC 
and the Dutch Rijkswaterstaat. Firstly, we have developed different new analysis techniques for studying 
trace elements and heavy metals with sufficient sensitivity for marine aerosols, and we specialised 
additionally in multi-elemental and multi-compound micro- and single particle analysis techniques, capable 
of characterising large and representative numbers of individual aerosol particles (see e.g. selected 
publications # 7, 8 and 9). Detecting different elements and compounds together in one particle type can 
give much more indication than conventional bulk analysis of aerosol loaded filters about the origin and 
sources of the pollutants, and about their spéciation, which is relevant for their toxicity. Thousands of 
samples have been taken for heavy metal analyses, during dozens of cruises over the whole North Sea 
from the R/V Belgica, during numerous aircraft flights over the Southern Bight, from the “pier” of 
Blankenberge and from fixed stations in Knokke and De Panne. Several millions of individual particles 
have been characterised by the developed microanalysis techniques, mostly by automated electron probe 
X-ray microanalysis. Not only airborne concentrations were measured, which could be important for direct 
effects on humans, but also the atmospheric deposition to the marine ecosystem was assessed. Wet 
atmospheric deposition was measured via rainwater analysis and dry deposition (via gravitation etc.) was 
calculated from the airborne concentrations via suitable models and computer programs.
This work was mostly concerned with toxic heavy metals (and other compounds of geochemical interest 
which could be measured simultaneously). Many questions have been addressed and answered, some of 
which are mentioned below.
-How high are the concentrations of heavy metals in the air over the Southern Bight of the North Sea and 
along the Belgian coast?
The concentrations of cadmium, lead, copper, zinc, etc., are 70-200 times higher than in really remote 
marine environments, but definitely of the same order of magnitude as over the Baltic and Mediterranean 
Seas. Reassuringly, these levels appeared not to form a direct threat to human health and are below 
accepted standards (See e.g. selected articles # 11, 15, 17 and 18).
-Are these concentrations lower than over land and how do they vary according to the wind direction at 
the coast?
The average heavy metal concentrations near the Belgian coast are generally significantly lower than the 
levels in the Flemish inland, as measured by the Flemish Environmental Authority VMM.
The concentrations of all heavy metals are definitely much lower when the wind is purely marine, i.e. when 
the air masses originate from the North or Northwest; over land, this is not be so evident. The contribution 
of air masses from the West/Southwest wind sectors (coming from the UK) to the atmospheric
concentration and deposition of both copper and cadmium is very predominant. Lead is rather coming 
from the East/Southeast, while the sources of zinc are in the East, South and West, but not in the North 
(See e.g. selected articles # 11, 15, 17, 18 and 22).
-What are the source processes responsible for the airborne heavy metals and what particle types are 
most abundant?
Single particle analyses show that cadmium is mostly included in coal fly ash particles, from thermal 
power plants in the UK. Lead was not mostly from leaded gasoline (even when this was still used in the 
1980s), but rather from metallurgical processes (In the former instance, lead would have been present in 
PbCIBr particles, and not as sulphides, as was the case). Also zinc is frequently present as sulphide, a 
chemical spéciation that is indicative for the non-ferrous industry. Iron-rich particles are abundant when 
the wind is from the South, and their spéciation is as iron oxides; both indicate the steel industry in 
Northern France (see e.g. selected article # 20). For eastern air mass trajectories, gypsum particles are 
most abundant; they can be traced to the desulphurisation processes in the German thermal power plants 
(see e.g. selected article # 21).
-How important is the deposition of heavy metals from the air to the marine ecosystem in comparison to 
the direct discharges and river inputs?
For e.g. the year 1995, well after the introduction of unleaded gasoline, the atmosphere contributed not 
less than 70% of the supply of lead to the Southern Bight, i.e. much more than the Scheldt and other 
rivers, and the direct discharges. For cadmium, this was 61 % and 40 % for copper. Clearly, the 
atmosphere is quantitatively a major player in the health of the marine ecosystem with respect to heavy 
metals (See e.g. selected articles # 10, 13, 14, 19).
We have found that the “large” atmospheric particles (see also selected article # 8), i.e. larger than 1 /;m, 
contribute most, up to 90%, to the deposition. This was surprising since these particles are numerically 
relatively rare and do not travel very far (because of gravity). In most models they are not considered and 
most sampling strategies cannot collect them. With special sampling devices (wind tunnels), we could 
sample them adequately and found that their contribution to the heavy metal deposition near the coast is 
even predominant.
It appeared that for the marine ecology, the wet deposition over the North Sea is two times more important 
than the dry deposition (see e.g. selected article # 13 and 22).
The single particle composition of the seawater and surface micro layer has been compared to that of 
rainwater and of marine aerosols, whose changes were traced over the North Sea (see e.g. selected 
article # 12, 16 and 24).
-How have the concentration and deposition levels changed in recent years?
As explained, we have extensively measured the heavy metal concentrations along the North Sea over 
many years, but have also done complete literature surveys covering data since 1972 (see selected article 
#23). It appears that many metals have slightly decreased or remained more or less constant. However, 
for two elements, lead and zinc, the reductions have been dramatic, by a factor of ten or more. As 
explained above, the improvement for lead is not due to unleaded gasoline. For both elements, the 
spectacular reductions are obviously due to the measures taken by the metallurgical industry over the last 
decades.
Other recent work on marine air
We have recently paid attention to other problems of the North Sea and to other marine environments. At 
the moment, for the marine ecology, the eutrophication appears to be a major problem. We have studied 
the deposition of nitrogen nutrients from the air; again the atmosphere appears to be a significant 
contributor. The transformation of marine aerosols into nitrate by reaction with gaseous nitric acid appears 
to be relevant for acid rain problem (see selected article # 25). Also marine aerosols play an important role 
in the so-called “Whitehouse effect”, i.e. the sunlight scattering and enhanced cloud formation due to 
atmospheric particles. Finally, the deposition of atmospheric sea salt appears to have a deteriorating 
effect on buildings, as far as 600 km inland. We are presently paying attention to all those problems, but 
these are not directly related to human health.
René Van Grieken 
August 2003
PS:
During 30 years, I thus have been involved in research on the quality of the marine atmosphere in 
general, but with emphasis on the Southern Bight of the North Sea. In total, I have (co-)authored ca. 440 
journal articles (cited once (or more times) by 3100 publications according to an Easy Search in Web-of- 
Science, hence probably cited around 4000 times), 180 book chapters and conference proceedings and 
10 books; by the way, all the ones that appeared after 1990 can be seen at our homepage 
http://www,uia.ua.ac.be/u/varieken. Of these publications, more than 80 were dedicated explicitly to the 
marine and North Sea atmosphere. However, if all the publications which do not deal exclusively (or 
explicitly in the title) with this topic and all the publications dealing with the development and optimisation 
of the relevant analysis techniques are included, it would appear that about one fifth of my professional life 
and research has been dedicated to this issue. In addition to publications in scientific journals, we have 
produced numerous contributions on these issues to the IZWO newsletters, VLIZ Special Publications, 
Het Ingenieursblad and other more popularising publications and radio- and TV-programs.
Finally, it should be emphasised that, over the years, many have contributed to the above research, i.e. 
many co-workers, doctoral students and colleagues. This is clear from the authorship of all publications. 
Acknowledgement is made to all who contributed.
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MARINE INFLUENCES ON AEROSOL COMPOSITION 
IN THE COASTAL ZONE
by
T.B. J O H A N S S O N  (*), R.E. V A N  G R I E K E N  (**) 
* and J.W. W I N C H E S T E R
Department of Oceanography, Florida State University 
Tallahassee, Florida, U .S.A.
R É SU M É
Les moyennes de valeurs sélectionnées ont été utilisées pour examiner les 
effets de la direction des masses d’air sur les valeurs de la composition en éléments 
des aérosols. Les échantillons collectés en Floride du Nord, au cours du printemps 
et de l'été 1973, ont été influencés par des sources continentales proches et éloignées 
et, en outre, par des sources marines lorsque les vents venaient du Sud. Les évaluations 
des mouvements des masses d’air durant la collection des 32 échantillons par impactor 
à cascade 5 étages ont été faites par l’examen des cartes météorologiques journalières, 
des vents de surface pendant 3 heures à Tallahassee, et de sondages par ballons à 
midi jusqu’à 1 524 m. Les moyennes des abondances en éléments en fonction de la 
taille des particules, déterminées par émission X  par induction protonique, P IX E ,  
ont été calculées pour un groupe de 14 échantillons représentant l’air maritime 
et pour un groupe de 6 échantillons représentant l’air continental, à l’exclusion 
de 12 échantillons additionnels où les caractéristiques du flux d’air étaient vari­
ables ou lorsque des périodes de vent de très faible vitesse survenaient.
E n  considérant le Fe comme d’origine continentale dans tous les échantillons,
les indications qualitatives de provenance suivantes ont été observées :
Elément : S Cl K Ca Ti V Mn Fe Cu Zn Br Pb
Distribution 
des tailles : S L (S )+ L L L  S + L S + L L S + L S + L S s
Petites
particules : C C (M) M C C C C c
Grandes 
particules : M M  C + (M ) C + M C M C C C C
montrant la prédominance de petites (S) ou grandes (L) particules dans la distri­
bution des tailles, et la prédominance de sources continentales (C) ou marines (M) 
dans chaque intervalle et indiquant des influences faibles quand les lettres sont 
données entre parenthèses.
( * )  Present addresses : D e p t, o f E nv iro nm enta l H e a lth , U n iv ers ity  o f Lu n d , S-22002 L u n d  2, 
Sweden.
( * * )  D e p t, o f Chem istry, A ntw erp  U n iv ers ity  (U .I .A .) ,  B -2610 W ilr ijk , Belg ium .
A B ST R A C T
Biased data set averaging has been used to examine aerosol elemental compo­
sition data for air mass directional effects. Samples collected in  north Florida during 
spring and summer 1973 were influenced by local and remote continental sources 
and additionally by maritime sources when air flow was southerly. Judgements of 
air movements during the collection of 32 5-stage cascade impactor samples were 
made by examination of daily surface weather maps, 3-hourly surface winds in  
Tallahassee, and semi-diurnal balloon soundings to 1524 meters. Averages of 
elemental abundances as a function of particle size, determined by proton-induced 
X -ray emission, P IX E , were computed for a 14-sample set biased toward marine 
air flow conditions and for a 6-sample set biased toward continental air flow, 
excluding 12 additional samples where air flow characteristics were variable or 
periods of very low wind speed were experienced. B y  regarding Fe to be of continental 
origin in  all samples, the following qualitative indications of provenance were 
observed :
Element : S Cl K Ca Ti V Mn Fe Cu Zn Br Pb
Size
Distribution : S  L  (S )+ L  L  L  S + L  S-\-L  L  S-\-L  S + L  S  S  
Small
Particles : C C (M) M  C C C C C
Large
Particles : M  M  C + (M ) C + M  C M  C C C C
showing predominance of small, S, or large, L , particles in  the size distribution 
(or neither, S-\-L), and apparent predominance of continental, C, or marine, M , 
sources in  either size range, with minor or supplementary marine influence, (M ).
I n t r o d u c t i o n .
Comparisons of atmospheric aerosol elemental composition in non-urban conti­
nental and marine environments with average earth’s crust, soil dust, and sea water 
composition [1, 2, 8] has shown dispersed soil dust as the probable origin of some elements 
and dispersed sea water as the probable origin of others. Special chemical processes at 
or near the sea surface are suspected to cause observed anomalous atmospheric enrich­
ments in certain cases, e.g. I [4], and are predicted to affect atmospheric concentrations 
in others, e.g. P 0 4=  [5, 6]. However, for several « anomalous » trace elements in atmos­
pheric particulate matter, e.g. Zn, Cu, Se, V, the relative importance of continental 
and marine sources has not been determined. It is of some practical interest to know 
if there is an average trace element flux from continental to oceanic areas or the reverse [7] 
in predicting the magnitude of anthropogenic impact on the large-scale atmospheric 
environment, and some attention has been drawn specifically to V, Pb, S and Hg in 
this regard [2, 8, 9, 10].
In gathering data for the study of processes which may cause « anomalous » 
trace element abundances in aerosols, some workers have turned to remote continental 
regions [1], polar regions [3] or central oceanic regions [11]. In these studies it is difficult 
to distinguish between nearby sources and long-range transport from others, although 
evaluating the extent of long-range transport from continental pollution sources over 
the oceans is an objective of some of the studies [12].
We have utilized a technique of biased data set averaging and applied it to a set 
of north Florida aerosol elemental abundance data [13] obtained using proton-induced 
X-ray emission, PIXE [14]. We have examined the variation of composition with particle 
size and air mass movement during sampling in order to determine the extent of maritime 
source influence in a relatively unpolluted coastal environment. With the assumption 
that some elements, e.g. Fe, are derived predominantly from continental soil dust, with 
negligible sea surface contribution in any of the samples, statistical examination of 
data sets biased according to marine or continental air flow regimes permits a judgement 
to be made of the probable importance of marine contribution to the several elements 
measured as a function of particle size.
D a t a  a n a l y s i s .
The results of elemental analysis of 32 aerosol samples from six sampling sites 
in north Florida were pooled without regard to sampling location and examined accor­
ding to mean air flow. The cascade impactor samplers were operated at rooftop and 
near-ground locations in Tallahassee, in the Apalachicola National Forest, and along the 
sea coast during a total of 1 600 hours from 20 April to 28 July 1973. No major location 
dependent composition differences are apparent in the data [13].
For each sampling period, averaging 50 hours, daily surface weather maps were 
examined and a classification of the samples was made according to the probable domi­
nant path of air flow which may affect composition. For 14 samples marine air flow 
appeared to dominate surface air conditions over most of the sampling time whereas 
for 6 samples marine air flow was minimal in comparison to continental. These two 
sets were selected as biased toward marine and continental conditions, respectively, 
and the composition averages for the two sets were computed. The remaining 12 samples, 
which were collected under mixed or low speed air flow, were excluded from either 
set (*).
The samples of each set were checked against single point records of wind speeds 
and directions measured every three hours at Tallahassee Municipal Airport and against 
balloon soundings to 1 524 meters (5 000 feet) taken every 12 hours in Tallahassee on 
about three-fourths of the sampling days. As an illustration, Table I presents tabulations 
of wind data for three samples where nearly complete sounding records were available, 
representing marine, continental, and mixed marine and continental flow classifications 
by the surface weather maps. Air flow predominantly through directions south of 
east-west was considered to have greater marine influence than more northerly directions. 
Although air flow trajectories cannot be determined precisely with this wind information, 
and they are undoubtedly complex and variable over the average 50-hour sampling 
times, these checks tend to confirm the marine and continental biasing of the two data 
sets.
Averages of concentrations and concentration ratios to Fe for the marine and 
continental air flow sets are plotted in figures 1-6 as a function of particle size. Two of 
the 14 marine air samples were collected very near the sea coast, so that local coastal 
effects may be detected, and their average is also plotted separately. In calculating the 
averages, only cases where the element was measured quantitatively above the detec­
tion limit have been included (Where an element was not detected, its upper limit was
( * )  Sam ple identifica tion  numbers fo r the sets o f d a ta  are [13] :
M arin e  : A 3 , A 7 , A 17, A 19, A 22, B l ,  B 3, F 2 , F 5 , F 7 , F 8 , F i l ,  X I ,  X 2 .  
C ontinental : A 10 , A l l ,  A 18, B 2, X 4 , Y 2 .
E xcluded : A l ,  A 6 , A 16, A 18, F 4 , F9 , F10, F12, F13, F14, Z l ,  Z3.
T a b l e  I
Example of single point wind data for three samples
Sample F5. Sampling interval 6/02-05 /78, 1845-1615 EDT.
Weather map classification « marine •».
Surface winds, direction and speed (degrees, knots =  2 xm /s)
Time (EDT) 0200 0500 0800 1100 1400 1700 2000 2300
Date :
6/02 070-04 100-06 090-04 100-06
6/03 120-02 090-05 100-05 110-10 160-03 150-4)9 140-05 100-05
6/04 110-06 090-05 110-06 140-10 150-06 100-03 000-00 000-00
6/05 100-05 100-06 080-08 120-08 130-06 180-09
Winds aloft, direction and speed (degrees, knots =  2 xm /s)
Time (EDT) 1400,6 /02 0200,6 /03 1400,6 /03 0200,6 /04 1400,6 /04 0200,6 /05 1400,6 /05
Height (m)
1524................................ 065-09 110-11 125-16 095-10 110-10 145-09
1219................................ 080-07 110-09 110-11 110-12 110-09 145-11
914................................ 085-07 130-07 115-07 130-19 130-07 180-12 120-04
610................................ 085-07 160-09 140-07 135-20 150-07 120-23 135-05
305................................ 070-06 160-11 150-05 120-19 145-06 115-18 135-06
Surface.................................. 055-03 150-02 140-03 105-10 10X-05 105-05 135-06
*
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T a b l e  I  
(continued)
Sample AlO. Sampling interval 6 /22-24 /73, 1545-1420 EDT. 
Weather map classification « continental ».
Surface winds, direction and speed (degrees, knots == 2 xm /s)
Time (EDT) 0200 0500 0800 1100 1400 1700 2000 2300
Date : 
6/22  
6/23  
6/24
000-00
000-00
000-00
000-00
000-00
320-03
330-06
360-11
240-05
360-10
010-12
270-05
350-11
360-08
260-04
330-04
300-04
300-04
Winds aloft, direction and speed (degrees, knots =  2 xm /s)
Time (EDT) ............................................................................. 1400,6 /22 0200,6 /28 1400,6 /23 0200,6 /24 1400,6 /24
Height (m)
1524........................................................................................ 020-03 030-11 005-28
1219........................................................................................ 010-06 010-11 005-25
914........................................................................................ 105-02 005-08 330-16 355-10 005-25
610........................................................................................ 135-01 360-07 345-06 355-10 010-21
305........................................................................................ 045-01 290-07 345-04 350-11 005-14
Surface.......................................................................................... 130-04 220-04 360-10 330-04 345-10
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T a b l e  I 
(continued)
Sample A6. Sampling interval 6 /12-14 /73, 1750-1630 EDT.
Weather map classification « mixed marine +  continental ».
Surface winds, direction and speed (degrees, knots =  2 xm /s)
Time (EDT) 0200 0500 0800 1100 1400 1700 2000 2300
Date : 
6/12 
6/13 
6/14
000-00
310-03
000-00
000-00
090-04
230-03
250-04
320-05
110-05
160-08
320-05
180-08
200-09
180-14
120-04
160-03
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Winds aloft, direction and speed (degrees, knots =  2 xm /s)
Time (EDT) ............................................................................... 1400,6 /12 0200,6 /18 1400,6 /13 0200,6 /14 1400,6 /14
Height (m)
1524........................................................................................ 245-08 295-05 295-06
1219....................................................................................... 240-08 295-06 290-07
914........................................................................................ 240-04 225-10 295-06 280-06
610........................................................................................ 225-04 215-12 170-01 290-10 260-03
305........................................................................................ 170-01 175-67 185-02 280-07 290-04
Surface.......................................................................................... 110-05 140-04 180-05 270-03 295-05
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generally calculated to be less than measured values in the other cases, but according 
to our present procedures the limit value calculation is less certain than that for the 
measured values). The number of values used in each average is indicated in the lower 
part of each graph. Vertical bars represent one standard deviation calculated from the 
dispersion of the data set. In most cases where this is greater than 20 %, geophysical 
causes for variation are in excess of errors due to sampling and analysis.
D i s c u s s i o n .
Plots of both the concentrations and the concentration ratios of the elements 
to Fe should be studied for evidence of marine influence on aerosol composition. The 
ratio plots have been prepared on the assumption that the source of Fe is predominantly 
terrestrial, e.g. the dispersion of soil dust. Other elements with predominantly terrestrial 
sources, though not identical to the source of Fe, may be found in fixed proportion to 
Fe if the aerosol is well mixed. An additional source in the direction of the sea may be 
revealed by higher ratios to Fe during marine air flow because of dilution of land derived 
Fe with marine air that is low in Fe and also enriched in the element from an oceanic 
or coastal zone source. Of course, the directional evidence cannot distinguish sources 
in the open sea from those in the coastal zone, and sea surface fractionation processes 
are not necessarily implied by such evidence.
B y inspection of figures 1-6 and noting the general differences between averages 
of the continental air, marine air, and two marine air samples taken at coastal stations, 
we note for some elements very similar concentration levels and /or ratios to Fe, but 
for others the marine, especially coastal marine, values differ. Except for departures of 
individual impactor stages for certain elements, which may or may not warrant further 
interpretation, we can distinguish similarity groups based on relative values of the 
6 continental, 14 marine and 2 coastal marine sample averages, first for concentrations 
in ng /m3 and then for ratios to Fe. The results are summarized in Table II.
The distinctly maritime element Cl, which without doubt is derived mainly 
from sea spray, has highest concentrations in marine air flow especially when sampled 
at the coast and lowest during continental air flow. Certain other elements, viz. Fe, 
Ti, Mn, Zn, Br and Pb, show similar concentrations during marine or continental air 
at the inland stations but are distinctly lower for the coastal samples, and these elements 
appear to be land derived. The remaining elements, viz. S, K, Ca, V and Cu, show little 
difference in concentration among all three data subsets, such as would result if both 
marine and continental sources contribute to their atmospheric concentrations.
Ratios to Fe of the elemental abundances further define these relationships. 
High coastal marine, intermediate average marine air, and low average continental 
air values are noted for S, Cl, and possibly V. High coastal marine but similar marine and 
continental air average values are found for K and Ca. Approximately equal ratios for 
all three subsets are found for Ti, Mn, Cu, Zn, Br and Pb.
The nearness of some of the ratios to Fe to those for average earth’s crust material 
lends support to the hypothesis that dispersed soil contributes in a major way to their 
atmospheric concentrations, e.g. Ti, larger particle Mn, K except near the coast, and 
smallest particle Ca. It might also be added that the invariance of the Pb /Fe ratio with 
air flow direction, together with the realization that Pb is mainly derived from automobile 
exhaust emissions, supports the hypothesis that Fe is terrestrial in origin for all particle 
size ranges. On the other hand, near the coast the ratios to Fe are especially high for S, 
Cl, K, and Ca for all particle sizes except the smallest, implying an important supplemen­
tal marine source for these elements.
All aerosol samples are strongly enriched relative to soil composition, using Fe 
as a norm, for Cu, Zn and V, and for small particle K and Mn.
100 -
ng/m3
a “ Continental" air 
•  “ Marine" air
x Coastal "Marine" samples 
Detection limit 
No.of Coastal "Marine 
, "Continental" 
samples: “Marine"
IMPACT0R
F ig . 1. Concentrations o f Fe , concentrations o f S, and S /F e  concentration ratios, averaged over the  
num ber o f samples indicated along th e  horizontal (e.g., the S /F e  stage 5 d a ta  were calculated  
from  6 runs w ith  « continental » a ir  and 12 runs w ith  « m arine » a ir, 2 o f w hich w ere a t  a  
coastal location). Im p ac to r stage scale is logarithm ic in  aerodynam ic partic le  d iam eter from  
>  0.25 pm  (stage 5) to  >  4  pm  (stage 1).
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Characteristics of concentrations and ratios to Fe 
for continental (A), marine (O) and coastal m arine (X ) sam ples
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Furthermore, the directional evidence points to a probably terrestrial origin 
for Cu, Zn, and small particle K and Mn, but suggests a marine origin for V. We are 
ready to suggest that soil dust and sea spray serve as important sources of Fe, Ti and 
Mn, and of S, Cl, K, and perhaps Ca, respectively. Moreover, terrestrial pollution appears 
to  be dominant for both Br and Pb (Br / Pb ~  0.1-0.2, both elements concentrated on 
small particles, and Br /Cl >  0.0084, the sea water ratio). Particulate S may be derived 
for the most part from natural terrestrial or atmospheric processes supplemented by 
sea spray. The anomalous Zn and small particle K and Mn appear to be of terrestrial 
origin ; biological activity is a possible source which should be carefully examined.
The small particle Ti /Fe data indicate a directional dependence which is not 
seen for the large particle data. Either an additional marine source of Ti or a preferen­
tial Fe removal process could account for this observation (*).
What marine or coastal zone processes could cause the observed directional 
dependence of V is not apparent. It is noteworthy, however, that in two samples with 
the highest V concentrations of this investigation, coastal sample Z, and city sample 
B! [18], Ni was also detected. The N i/V  ratio was nearly the same, ~  0.3, in both sam­
ples and on all impactor stages analyzed, as appears from figure 7 where the measured 
N i/V  ratios and the corresponding analytical errors are shown. Ni and V are both 
important trace metal components of petroleum. Therefore, petroleum-derived aerosol, 
such as from a combustion source in the coastal zone or by petroleum dispersal at the 
sea surface, may contribute to the observed atmospheric V in north Florida.
The detection of statistically significant differences in aerosol composition with 
direction of air flow during sampling by using a technique of biased data set averaging 
indicates this to be a useful technique when sufficiently large sets of high precision 
elemental abundance data are available. Data as a function of particle size appears
( * )  A lth o u g h  X -r a y  analysis is no rm ally  ve ry  specific, sm all peaks near 4 .5 k e V , th e  energy 
o f T i K * ,  as seen in  some im pactor stage 5 analyses cannot be un iquely identified , since B a  L a  also 
occurs a t  th is energy and, in  the absence o f w eaker secondary peaks, no firm  elem ental identification  is 
obtained. W e  have assigned these w eak peaks to  T i, being the most probable elem ent since we have  
never observed B a  in  aerosol samples.
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also to be important in making provenance inferences from the averages. We suggest 
that this study be extended to data acquired in offshore marine locations in order to 
improve the resolution of possible small marine contributions to some of the elements 
observed.
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R É SU M É
Des expériences de laboratoire ont été poursuivies en ajoutant des traceurs 
radioactifs: 65Zn, 15Se, 131Cs et l52E u  à de Veau de mer naturelle afin de déter­
miner les différences de composition en éléments, entre Veau de mer et les aérosols, 
en fonction des classes de tailles des particules. Un flux d'air provoquait la forma­
tion de bulles qui s'élevaient et éclataient à la surface d'un récipient contenant de 
Veau de mer après adjonction des traceurs radioactifs, à pH  8. Les aérosols produits 
étaient collectés par un impactor à cascade qui séparait les particules en classes de 
tailles aux fins d'analyses. Dans une expérience typique, environ 30 ml d'eau de mer, 
collectés dans un récipient en polyéthylène quelques heures avant le début de l'expé­
rience, le long de la côte sablonneuse du Golfe du Mexique, étaient traversés par 
un courant d'air propre, qui engendrait des bulles à une profondeur de 1 à 10 cm. 
Deux échantillons ou plus ont été récoltés par Vimpactor à cascade pendant 12 à 24 
heures. Les activités présentes sur les surfaces d'impaction ont été alors mesurées 
par spectrométrie gamma.
Les enrichissements par rapport au sodium varient en général systématique­
ment avec les tailles des particules et peuvent être en excès d'un facteur 10, mais ils 
apparaissent très dépendants des conditions particulières de chaque expérience, 
comme la distance parcourue par les bulles avant l'éclatement et le temps d'équilibra­
tion entre les traceurs ajoutés et les constituants naturels de Veau de mer. Les effets 
du fractionnement, souvent importants, apparaissent comme la règle plutôt que 
comme l'exception. E n conséquence, le transfert effectif des polluants de Veau vers 
l’air constitue un problème spécifique qui devrait être étudié pour chaque substance 
intéressante, et ceci dans des conditions variables. Pour le moins, nos résultats 
indiquent qu'en l’absence de données expérimentales précises, on ne peut pas poser que 
la composition des aérosols marins, même en première approximation, soit identique 
à celle de Veau de mer.
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A B S T R A C T
Laboratory experiments were performed using radioactive tracers of 65Zn, 
lsSe, 22Na, I37Cs and 152E u added to natural sea water to determine differences 
in  elemental composition between sea water and aerosol droplets as a function of 
particle size. The experiments were conducted using a flow of air as a stream of 
bubbles rising and bursting at the surface of a vessel containing sea water with 
added radioactive tracers at pH  8. The resultant aerosol cloud was drawn through a 
cascade impactor which separated particle size fractions for analysis. In  a typical 
experiment 30 ml of sea water, collected in polyethylene no more than a few hours 
before along a sandy Gulf of Mexico beach, and a stream of clean air, giving bubbles 
with a rise distance through the water of 1 to 10 cm, were used, and, two or more 
sequential samplings, usually 12 to 24 hours in  duration, were made by cascade 
impactor. The impaction surfaces were then counted by gamma ray spectrometer.
Enrichments relative to N a in  general vary systematically with particle size 
and may exceed a factor of 10 but appear to depend on the particular conditions of 
each experiment, such as the rise distance of the bubbles and the equilibration time 
between the added tracers and natural constituents in  sea water. Fractionation effects, 
often quite large, appear to be the rule rather than the exception. Consequently, efficient 
transfer of pollutants from water to air is a distinct possibility and should be docu­
mented for each substance of interest under varying conditions. A t the very least, 
our results indicate that in  the absence of data it is unwise to assume the composition 
of the marine aerosol, even as a first approximation, to be the same as sea water.
I n t r o d u c t i o n .
The announcement in September 1972 [1] in the U.S.A. of the intent to construct 
nuclear power plants sited in the ocean a few km from shore prompted our inquiry into 
the possible hazard of spilled radioactivity rendered airborne by sea spray. It has been 
demonstrated [2, 3] that traces of phosphate may be enriched several hundred times in 
droplets from bubble bursting, but similar evidence for nuclear reactor waste products 
is not reported in the literature. Geochemical evidence now shows anomalously high 
concentrations of certain trace elements in atmospheric aerosol particles, relative to 
simple dispersal of soil dust or sea spray [4, 5, 6], and sea surface fractionation effects 
remain an unexplored possibility to account for this evidence. Therefore, extensions of 
the present investigation may help understand such effects and their bearing on the 
composition of natural and pollution aerosols. Moreover, similar work might relate to 
the possible transfer of pollutants to the atmosphere in certain industrial processes 
involving aeration by bubbling or spraying. The primary objective of the present study, 
however, has been to document the gross features of fractionation of certain radioactive 
tracers added to natural near shore sea water and the effects of varying certain para­
meters. Since significant fractionation effects have been found, further investigations 
of chemical mechanisms and of the general natural and pollution aerosol problem may 
be warranted.
The experiments were performed using natural sea water in a special laboratory 
apparatus in order to vary separately several parameters which may regulate ion fractio­
nation effects in nature. The age and organic content of the sea water, rise distance of 
the bubbles, and the observable characteristics of the bubbles as they break are important 
parameters studied in this investigation.
Because of the present focus on the properties of radioactivity added to sea water, 
no attempt was made to achieve isotopic exchange with natural constituents of sea 
water. Fractionation of natural constituents may be quantitatively different and should 
be studied separately.
E x p e r i m e n t a l .
Figure 1 represents schematically the aerosol generation chamber in which the 
experiments were performed. Clean air from a tank is moistened by bubbling through 
distilled water and led into the test solution through stainless steel or glass capillaries, 
providing 5-30 bubbles per second of ~  3 mm and ~  1, ~  0.3 or ~  0.1 mm diameter, 
respectively. Air flow drawn during aerosol collection entered the chamber through a 
Whatman 41 dust collection filter. The test solution of unfiltered sea water was contained 
in either of two polyethylene containers permitting bubble rise distances of ~  1 cm and 
~  10 cm.
Aerosols were collected generally over a 12-24 hour period using an Andersen 
sampler, a six-stage cascade impactor operated at 28 liters /minute, with aerodynamic 
cut-off diameters for the stages varying by approximately a factor of two between 9 
(im and 0.5 (xm [7, 8], Each stage of the impactor was covered with a polyethylene foil 
which was removed after each experiment for radioactivity counting in a Ge(Li) y-ray 
spectrometer. In most experiments an after-filter was also used to collect particles 
<  0.5 (im diameter.
Carrier-free tracers were added to natural unfiltered sea water as a neutralized 
mixture of high specific activity commercially obtained HC1 solutions, adjusted to 
pH =  8 by addition of dilute NaOH. In all cases 2.58-year 22Na ( E y  =  511 and 1275 
keV) was included as a reference because fractionation of Na+ relative to H 20  is believed 
to be insignificant during bubble rise and bursting. Either 245-day 65Zn (Ey =  511 
and 1115 keV) alone or in combination with 121-day 75Se ( E y  =  136, 265, 280, ...keV) 
was used in the major experiments, and 30-year l37Cs ( E y  =  662 keV) or 13-year l52Eu 
( E y  =  344, 1407, 128, ...keV) in some preliminary runs. In all cases the added metal 
from the tracer solution was less than the amount already in the sea water. Zn and Se 
were chosen in the major experiments because of their biological importance, abundance 
in reactor wastes, contrasting aqueous chemical properties, known atmospheric chemical 
abundance anomalies, and availability of suitable tracers.
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F ig . 2. —  Scheme fo r Z n  and N a  experim ents.
Immediately before and after each experiment, 0.1 ml of the test solution was 
sampled by a polypropylene pipet, and jet droplets were collected by impaction on a 
glass slide held over the test solution for comparison with the size fractionated aerosol 
generated during the experiment. The average of sea water composition before and 
after each experiment was used as the reference for calculating aerosol fractionation 
factors, F, from
(M ƒ 22N a )a e r o s o lF =
( M  I 22N a ) s e a  w ater
where M represents counting rates of 65Zn or 75Se in the major experiments and IB2Eu 
or 137Cs in some preliminary experiments.
All sea water samples were collected in polyethylene bottles shortly before a 
sequence of experiments was undertaken. An unpolluted marsh area in the St. Marks 
National Wildlife Refuge on the north Florida coast of the Gulf of Mexico was selected 
for sampling, and careful note was made of tide variations, occurrence of rain, and other
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F ig . 3. —  Scheme fo r Z n , Se and N a  experiments.
factors at the time of water collection which may have affected organic content of the 
water or other possibly important properties.
Figures 2 and 3 present two schedules of experiments designed to test the influence 
of water aging, tracer equilibration time, bubble size and rise distance, and changes 
brought about by prolonged bubbling on aerosol composition. In any one column the 
sequence of experiments was performed using the same subsample of sea water. Expe­
riments VI, VII and VIII are examples of runs done in sequence on the same sea water 
solution to test the effect of prolonged bubbling. Experiments XV and XVI show the 
effect of aging of sea water before tracer addition, in contrast with experiments XXVIII, 
X X IX  and X X X  where tracers were added before aging of sea water. Experiments 
were done with several combinations of bubble sizes, rise distances and length of bub­
bling time (indicated by vertical dimensions of the rectangles). Although the results 
do not show variations which are easy to interpret in terms of differences in initial sea 
water characteristics, it should be pointed out that samples C and E were taken at 
high and low tide, respectively, and D after heavy rainfall runoff into the coastal 
waters.
R e s u l t s  a n d  D i s c u s s io n .
In figure 4 some typical trends are shown in the amounts of tracers found on the 
individual impactor stages. As expected from the literature on marine aerosol composition 
as it varies with particle size [9], there is a smooth trend of decreasing abundance with 
particle size, although the quantitative shape of the size distribution curves may depend 
on slight differences in the geometric arrangements for the different experiments. In
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the present investigation, however, emphasis has been placed on element ratios within 
aerosol size ranges, and the ratios should not depend on such differences.
Figures 5 and 6 show for these same experiments the variation of Zn /Na and 
Se/Na ratios with particle size, and between jet drop samples taken before and after 
the runs. The Zn /Na ratio appears to decrease appreciably in the sea water test solution 
during the experiments and is much less in the jet drops after compared with before the 
experiments. For Se/Na, where the aerosol has only slight enrichment of Se, the test 
solution and jet drop composition differences are less marked. In all cases, size distribu­
tion trends are smooth within the statistical errors of radioactivity measurement, 
shown as vertical bars of one standard deviation.
Inspection of figure 5 for a representative run with short bubble rise path shows 
that Zn is enriched in the aerosol size fractions, collected in experiment VI, by 4-5 times 
over the sea water, without strong dependence on particle size. The following experi­
ments in the sequence, VII and VIII, which are outlined in figure 2, show Zn to be 
enriched by only half this amount, suggesting an effect of prolonged bubbling. The 
similar sequence of short bubble rise path experiments, X II and XIII, shows fractiona­
tion factors for Zn /Na not significantly different from unity for all particle sizes in both 
runs, an unusual result in this investigation. It suggests that the fractionation effects 
may depend strongly on initial water characteristics which in this case may have differed 
from the other experiments.
The long bubble rise experiments of the Zn and Na series are illustrated in 
figure 7. Experiments IX, X  and XI show a consistenly high Zn /Na ratio not strongly 
dependent on particle size ; there is little if any decrease with prolonged bubbling. After 
standing three weeks without bubbling the same solution was run again, experiment 
XIV, and a very much lower Zn enrichment in the aerosol was found. However, experi­
ments XV and XVI show that the same water standing in a polyethylene sampling 
bottle in the laboratory two months before tracer addition gave a very high Zn enrich­
ment in the aerosol. These results suggest that aging effects which affect fractionation
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of Zn and Na include tracer equilibration time and perhaps to a lesser extent prolonged 
bubbling action, but apparently not simple storage of water after collection.
For another series of experiments involving Zn, Se and Na tracers and outlined 
in figure 3, the long bubble rise path results are illustrated in figure 8. Two identical 
samples of sea water were collected in separate polyethylene bottles designated F and G. 
Splits of F were made after tracer addition, and one of these, F2, was set aside for several 
days while the other, F,, was used for short and long path runs using different bubble 
sizes.
Interleaved with these in time a similar series of experiments was done with 
water sample G. Afterwards, runs with water sample F 2 were done.
The long bubble rise path results of runs X IX  and X X  show strong Zn enrichments 
in the aerosol, consistent with the results shown in figure 7. However, for the two 
preceding runs XVII and XVIII done with the same bubble size, but short bubble rise, 
the Zn /Na fractionation factors F, averaged over all particle sizes, were 2.8 and 2.5 
times lower, respectively. This result points strongly to an effect of enhanced enrichment 
with longer bubble rise path length, implying a mechanism of Zn enrichment by the 
scavenging action of rising bubbles rather than a mechanism involving only the action 
of the bursting bubble at the end of its rise. A similar effect for bacteria scavenging has 
been shown by Blanchard and Syzdek [10]. Since the longer of the two path lengths 
employed in these experiments is still short compared to average rise distances of small 
bubbles in actual ocean environments, much larger aerosol enrichments of 6SZn radio­
activity, freshly introduced into sea water, may be expected under natural conditions. 
However, as shown by runs XXVI, XXVII and X X X  (figure 8) as well as in figure 7 
already discussed, equilibration of the radioactivity with the sea water appears to 
suppress the fractionation of 65Zn, This conclusion is tentative, of course, and awaits
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evaluation, among other things, of wall effects in the experimental approach which 
may not be present under natural conditions.
Fractionation effects for Zn and Na appeared to be enhanced to a certain extent 
by large bubble size. Experiments X X I and X X II showed statistically significant 30 % 
and 50 %, respectively, greater average Zn /Na fractionation factors F over all aerosol 
sizes than did experiments XVII and XVIII, in spite of the prolonged bubbling which 
appears in some cases to suppress Zn /Na fractionation. We see the effect of bubble size 
in runs XXVIII and X X IX  where the average Zn /Na fractionation factors F were 1.0 
and 1.9, respectively. Small fractionations for the smallest bubble sizes are also found 
in both of the runs X X III and XXIV where values of F average only slightly greater 
than unity, except for the <  0.5 jjtm diameter size fractions.
Se and Na fractionation effects are consistently seen in these experiments to be much 
smaller than for Zn and Na. Table I presents a summary of Se /Na fractionation factors 
F for the runs of figure 3 as averages over all impactor size ranges, in comparison with 
the corresponding Zn /Na values. Although most values show an enrichment of Se in 
the aerosol size fractions, the effect is slight compared to that for Zn. In view of the 
anionic character of Se in aqueous solution at pH =  8 and the cationic character of 
Zn under the same conditions, this difference may be a major factor involved in the 
fractionation mechanism. However, in view of the almost certain involvement also of 
organic substances in sea water which may complex these elements to varying degrees, 
we cannot at this time define the reaction mechanisms further.
Preliminary experiments with l52Eu and ,37Cs tracers showed enrichment of 
Eu in the aerosol, relative to Na, to be as great or greater than that for Zn. Results 
for Cs indicate a slightly lower Cs/Na ratio in the aerosol than in the sea water. We
T a b l e  I
Se /Na and Zn/Na aerosol fractionation factors, F
Experiment
Average F for all size fractions
Se/Na Zn /Na
XVII ............................................................................ 1 .8 5.3
XVIII .......................................................................... 2 .0 6.6
X IX  ............................................................................ 2 .3 14.7
X X ................................................................................ 1.8 16.8
X X I ............................................................................... 1.7 7.0
X X II ............................................................................ 2.7 9.7
X X III ............................................................................ 1.9 1.7
XXIV .......................................................................... 1.6 2.5
XXVI .......................................................................... 1.9 2.9
X X V II .......................................................................... 1.6 2.0
X X V III ........................................................................ 1.3 1.0
X X IX  .......................................................................... 2.4 1.9
X X X .............................................................................. 1.1 2.1
believe future experiments should be directed to documenting these apparent differences 
and relating them to differences in chemical properties in aqueous solution.
In conclusion, enrichments in general vary in a non-random manner with particle 
size and may exceed a factor of 10 for any particle size, but appear to depend on the 
particular conditions of each experiment, such as the rise distance of the bubbles and 
the equilibrium time between added tracers and natural constituents in the sea water. 
Our general finding is that fractionation effects, often quite large, are the rule rather 
than the exception for these tracers studied in coastal waters. Consequently, efficien t 
transfer of pollutants from water to air is a distinct possibility and should be documented 
for each substance of interest under varying conditions. At the very least, our results 
indicate that in the absence of data it is unwise to assume the composition of the marine 
aerosol, even as a first approximation, to be the same as sea water [11].
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By using a polyester sailboat as sampling platform, a series of duplicate aerosol samples was 
collected by cascade impactors on a trip from Panama to Tahiti in 1979. Elemental analysis mainly by 
particle-induced X ray emission (PIXE) indicated, in the samples collected between Panama and the 
Galapagos Islands, the presence of a substantial crustal component (~0.4 /xg/m3), fine Cu (—0.4 ng/m3) 
and Zn (—0.6 ng/m3), and excess fine S and K (—100 and —2.4 ng/m3, respectively) in addition to the 
major sea salt elements. The crustal component and fine Cu and Zn are suggested to result from natural 
continental sources (i.e., eolian dust transport from the American continents and perhaps geothermal 
emissions). Samples collected west of the Galapagos Islands in the southern trades showed 
significantly lower concentrations for the nonseawater components. The average Si and Fe levels were 
as low as 4.8 and 3.3 ng/m3, corresponding to a maximum of 0.066 pg/m3 for an assumed mineral dust 
component, whereas heavy metal concentrations were all below the detection limits (typically ranging 
from 0.05 to 0.15 ng/m3 for V, Cr, Mn, Ni, Cu, Zn, and Se). Excess fine S decreased to a mean of 46 
ng/m3, a level similar to those reported for other remote marine and continental locations. This all 
indicates that the marine atmosphere west of the Galapagos was little influenced by natural continental 
source processes or by anthropogenic emissions. Under these truly marine conditions, several 
concentration ratios of the major seawater elements were significantly different from those in bulk 
seawater. Ca, Sr, and S in >  1 pm  diameter particles were enriched relative to K and Na, with the 
enrichment being substantially more pronounced (up to 50% or higher) for 1-4-^m diameter particles 
than for particles >4 pm. Comparison of these data with a similar data set from samples collected over 
the Atlantic indicates that the departures from seawater composition are significantly larger for the 
Pacific. Differences in sea-to-air fractionation processes, probably involving binding of divalent 
cations to organic matter in the oceanic surface microlayer, are suggested as being responsible for 
these observations.
Introduction
Reasons to study atmospheric aerosol composition over 
the oceans have been indicated by several authors [see D uce  
e t a l., 1976; B erg  a n d  W inchester, 1978], One of the reasons 
given is that it is necessary to assess the impact of long-range 
transport of anthropogenic trace substances on the composi­
tion of the marine atmosphere on a global scale to be able to 
estimate the possible effects on the earth’s radiation balance 
and eventually on climate. Other reasons are related to 
several aspects of geochemistry, including the deposition of 
eolian terrestrial material and of air pollutants onto the ocean 
surface and their contribution to marine sediments [D uce et 
a l., 1980], as well as the transfer of particulate matter from 
sea to air and the possible fractionation effects involved. 
While it is now generally accepted that some fractionation of 
heavy metals may occur during sea to air transport, the 
presence or absence of such fractionation for the alkali and 
alkaline earth metals is still a controversial issue after more 
than 2 decades of debate [Duce a n d  H o ffm a n , 1976; E. 
H offm a n  e t a l., 1980].
Over certain ocean areas, such as the North Atlantic,
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atmospheric aerosol composition has been investigated fair­
ly intensively, either from large research vessels [e.g., E. 
H offm an  e t a l., 1974; B u at-M en ard  e t a l., 1974] or from 
island-based sites like Bermuda [Duce e t a l., 1976; M e inert 
and W inchester, 1977]. Other ocean areas, including the 
eastern tropical Pacific, have received much less attention. 
N guyen  et al. [1974] measured SO2  and sulfate on an 
expedition from France to the Antarctic, which covered a 
section of the eastern Pacific. B arger a n d  G arrett [1976] 
determined organics in aerosol samples collected on a cruise 
from Panama to Ecuador via the Galapagos Islands. Mea­
surements of mineral dust and sea salt over several parts of 
the equatorial Pacific were made by P rospero [1979] and 
Prospero a n d  B o na tti [1969]. However, some of the collec­
tion techniques employed by these authors were not quanti­
tative, no attempt was made to divide the aerosol into 
different size fractions, and the chemical analyses were 
rather limited.
It was indicated elsewhere [M aenhaut e t  a l., 198\b , 1983] 
that the high analytical sensitivity of the PIXE method 
allows the use of small battery-powered aerosol samplers, so 
that sampling at sea may be performed from small boats. 
This paper discusses elemental data mainly obtained by 
PIXE for size-fractionated aerosol samples collected on a 
sailboat trip between Panama and Tahiti.
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Fig. 1. Sampling track from Panama to Tahiti. Wind direction 
and speed are indicated by arrows. Arrow length indicates wind 
speed (e.g., that for sample number 35 represents 1 Beaufort, that 
for 39 is 2 Beaufort, and that for 45 is 3 Beaufort).
Experimental
Full details about the sampling procedure are given else­
where [M aenhau t e t a l., 1981ft, 1983]. Basically, samples 
were taken by means of two 1 1/min six-stage Battelle-type 
cascade impactors [M itchell a nd  P ilcher, 1959], mounted 
side by side near the top of the mast of the 8.75 m long 
polyester sailboat S im p la , 8 m above the sea surface (6 m 
above deck) and 1 m upwind from the mast itself. The 
impactors have the following size cut-olfs for stages 1-5: >4 
/xm, 4-2 /am, 2-1 jam, 1-0.5 jam, and 0.5-0.25 jam aerody­
namic diameter (jamad). A 0.4-/am pore-size Nuclepore filter 
is used as the back-up filter (stage 6) for essentially quantita­
tive collection of <0.25 /amad particles.
Samples were collected along a track between Panama and 
Tahiti, April-October 1979. The sampling intervals are 
shown in Figure 1, indicated by the numbers above line 
segments. In total, 27 duplicate impactor samples were 
collected, numbered from 34 to 63. Sample pairs 40, 50, and 
60, not shown in the figure, were reserved as field blanks. To 
assess the effect of islands on the marine aerosol, some 
sample pairs were collected in harbors (i.e., numbers 34, 44, 
57, 61, and 63). The arrows in Figure 1 represent the average 
wind direction during each sampling interval, where their 
length is a measure for the average wind speed (Beaufort 
scale). Other details about the sampling and some meteoro­
logical observations are summarized in Table 1. Most of the 
sample pairs (i.e., numbers 34-56) were collected in the
second quarter of 1979. As a result, samples from along the 
first part of the track, up to about the Galapagos Islands, 
were collected in a region, which borders on, or partially lies 
within, the intertropical convergence zone (ITC). The winds 
experienced were rather variable and were sometimes very 
calm. West of sample pair 46, the wind blew consistently 
from the ESE direction, and it is evident that the second part 
of the track was sailed under the influence of the southern 
trade winds.
PIXE analysis of the samples was carried out by using 2.4 
MeV protons, supplied by the compact isochronous cyclo­
tron of the University of Ghent [M aenhaut e t a l., 1981ft]. 
The X ray spectra were fitted for 25 elements (i.e., Na, Mg, 
Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Ga, 
As, Se, Br, Rb, Sr, Pb, and Bi) by using the computer 
program AXIL [Van E spen  et a l., 1979], Although sodium 
was usually detected in the PIXE spectra, the stage 1 (>4 
jxmad)Na/Cl ratio could not be determined precisely owing 
to uncertainties in estimating the X ray attenuation correc­
tions, which are higher for the soft Na K X rays than for 
those of heavier elements. (Our best estimates lead to a 
rather variable Na/Cl ratio which averages about half that in 
seawater.) For this reason, the PIXE Na results will not be 
further discussed. From the analysis of samples collected 
over the Atlantic Ocean [M aenhaut et a l., 1983] it was 
concluded also that magnesium is underestimated in our 
PIXE analysis when theoretical X ray absorption corrections 
are applied. However, the ratio between the Mg result 
computed from X ray data and the true concentration (based 
on assumed seawater ratios to higher Z sea-salt elements) 
was found to be constant over all samples and over the 
various impactor stages, and amounted to 0.70. The experi­
mental Mg data in this work were therefore all empirically 
calibrated by dividing by .this factor.
For certain elements (i.e., Cu, Zn, Pb and Bi) that were 
normally present at very low levels, inconsistent results 
were sometimes obtained, especially for stage 1 (>4 /xmad), 
viz., discrepancies between the two duplicate samples of the 
same pair and data out of line compared to those of the other 
samples. The >4 /xmad Pb and Bi amounts were also highly 
correlated and were nearly equal to each other in the 
different samples. These coarse particle results may be due 
to contamination from the aluminum alloy of the impactor 
itself, since analysis by spark source mass spectrometry 
showed that the Pb and Bi concentrations in the impactor 
material were both approximately 0.2% (A. Verbueken,
TABLE 1. Information About the Sampling Periods and Some Meterological Data
Sample
Number* Period, 1979 Location
Tempera­
ture,t °C
Relative 
Humidity, t
% Comments
34 April 25-27 Panama City 30 85 ships passing by
35-43 April 30 to May 16 Taboga-Galapagos 29 83 often rain
44 May 22-24 San Cristobal, Galapagos 27 85 sunny weather
45-56 June 2-25 Galapagos-Marquesas 28 84 little rain
57 July 25-27 Fatu Hiva, Marquesas 28 84 some rain
58-59 Sept. 2-6 Marquesas-T uamotu 29 86
61 Sept. 13-14 Rangiroa, Tuamotu 29 86 sunny weather
62 Sept. 14-16 Tuamotu-Tahiti 29 82
63 Oct. 4-6 Papeete, Tahiti 29 72 close to highway
‘ Samples 34,44, 57, 61, and 63 were collected in harbors, other samples at sea. Numbers 40, 50, and 
60 refer to blanks. All samples were in duplicate (34A and 34B, etc.) and represent 40-hour sampling 
times (2 days, 20 hours/day excluding battery recharge times). 
tData listed are averages of measurements made aboard ship every 12 hours.
private communication, 1982). The fact of having two dupli­
cate samples for each sampling period was very helpful in 
indicating any erratic data and allowed us to assess with a 
high degree of confidence when the data were trustworthy.
Selected impactor slides (i.e., stages 1, 2, and 3 of one of 
the two duplicate samples of pairs 46-56) were analyzed for 
Na, Cl, and Mg by instrumental neutron activation analysis 
(INAA). The INAA involved a 20-min irradiation at a 
thermal flux of 2 x 1012 n c m '2 s ' 1 followed by a 30-min 
count of the product nuclides 24Na, 38C1, and 27Mg with a 
large Ge(Li) detector. Concentrations were obtained by 
relating the activities of the samples to those of mixed 
standards. As the induced radioactivities in the samples 
were rather low (especially for 27Mg), the samples were 
positioned as close as possible to the Ge(Li) detector. 
Irreproducibilities in sample positioning can therefore lead 
to large errors in the absolute concentrations, but the 
concentration ratios (e.g., Mg/Na, Cl/Na, Mg/Cl) should 
only marginally be affected. The average Mg/Cl ratio ob­
tained for the 20 stage 1 and stage 2 impactor slides analyzed 
by INAA (Mg could not be detected in stage 3) was equal to 
0.87 times the average Mg/Cl ratio obtained by PIXE (after 
applying the empirical correction factor of 0.7 for Mg as 
discussed above). This suggests that the accuracy of the 
PIXE Mg results is of the order of 10-15%.
Results and Discussion
The concentrations of sulfur and magnesium in the 2-4- 
ixm aerodynamic diameter (//.mad) size fraction, impactor 
stage 2, are plotted as a function of sample number in Figure 
2a. Over the ocean, both elements mainly originate from the 
bursting of bubbles, at least for the large particle size range. 
Estimation of the crustal contribution to the stage 2 Mg 
concentrations (based upon the Fe concentration on stage 2, 
Fe2, and the Mg/Fe ratio for crustal rock [Mason, 1966]) 
showed that it was less than 10% for nearly all samples. The 
S and Mg trends in Figure 2a are fairly parallel and illustrate 
the variability in concentration of the sea-salt component of 
the marine aerosol with sample location and time, as sam­
pled by the impactors at mast height (8 m). In principle, also 
the S| and Mgi trends could be used to demonstrate this 
variability and even could be expected to be more repre­
sentative, owing to the higher stage 1 than stage 2 concentra­
tions. However, in an investigation of the marine atmo­
sphere at Samoa [Maenhaut et al., 1981a], a decreased stage 
1 collection efficiency with increasing wind speed was ob­
served, an effect that complicates the interpretation of the 
stage 1 concentration data. Concentrations on stage 2 were 
much less affected by wind speed. From the trends in Figure 
2a it can be seen that S2 and Mg2 are on the average 
somewhat higher for the trade wind samples than for the ITC 
samples. This observation is in qualitative agreement with 
the generally higher wind speeds experienced in the region of 
the trades and with the well-established dependence of sea- 
salt generation on wind speed [Woodcock, 1953; Lovett, 
1978].
Figure lb shows the variation of silicon on stage 2, Si2, 
and of the <1 //.mad sulfur concentration, S4 + S5 •+ S6, as a 
function of sample number. These two variation patterns are 
quite dissimilar from those for S2 and Mg2, with highest 
concentrations now being observed along the first part of the 
track. Up to the Galapagos Islands the fine S level remains 
rather constant and averages approximately 120 ng/m3. At
SAMPLE NUMBER
Fig. 2. Concentrations of S, Mg, and Si on stage 2(2-4 //mad) 
and of submicrometer S as a function of sampling location. Sub­
scripts denote impactor stage numbers. The dots and crosses 
represent results obtained from duplicate impactors A and B, 
respectively. Upper limits are indicated by arrows.
sample 46, a sudden decrease is noticed, and the submicro­
meter S concentration remains around 50 ng/m3 for the 10 
subsequent sample pairs. At the end of the track, local 
maxima are noticed for samples collected in harbors (i.e., 
samples 61, 63, and, to a minor extent, also 57). The 
difference between the first and second part of the track is 
even more pronounced for Si2, which shows average levels 
of 30 and 3 ng/m3, respectively. The Fe2 trend (not shown 
here) was fairly parallel to that for Si2.
There are distinct differences between the first and the 
second part of the sailboat track: The first 10 sample pairs 
were collected relatively close to the South American conti­
nent, the other much farther away; the difference in meteo­
rological conditions between ITC zone and trade wind 
region; and, finally, the trends of submicrometer S and of 
stage 2 Si. Because of these differences it seems appropriate 
to divide the samples in two separate sets. The first set was 
chosen to contain the sample pairs 35-45, excluding harbor 
sample 44, and the second set to contain pairs 46-56. 
Samples taken in harbors were excluded because of potential 
contribution from coastal or island-derived material so that 
both sets should only contain samples that are representative 
of marine air far from land, possibly influenced by long- 
range transport from the American continents. For each of 
the two sample sets average size distributions were calculat­
ed for various elements. For every sample, the elemental 
mass on each stage was first normalized by dividing by the 
total element mass summed over all stages to compensate for 
sample-to-sample variations in the total element concentra­
tions. The results of the calculation are shown in Figure 3 for 
the elements that are present in large concentrations in
Q25 0.S 0250.5
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seawater and in Figure 4 for the elements usually considered 
to originate from wind-blown crustal dust.
Mass median diameters (MMD’s) were calculated for the 
various elements by plotting on logarithmic probability pa­
per the cumulative mass percent versus aerodynamic parti-
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Fig. 4. Average size distributions for crustal elements.
cle size and linearly interpolating between (or extrapolating 
from) the two data points closest to the 50% ‘cumulative 
mass.’ The results are listed in Table 2. For the seawater 
cations (Mg, K, Ca, and Sr) the MMD’s vary between 3 and 
4 /Miad. These values are significantly lower than the data 
for sea source elements reported by M cD onald  e t a l. [1981] 
and D uce et al. [1981], Part of the discrepancy is certainly 
due to a lower collection efficiency for largest particles (>4 
/xmad) by our low volume samplers, an efficiency that also 
depends on wind speed. The Mg, K, Ca, and Sr size 
distributions for the first set of samples parallel each other 
fairly well in the coarse mode (>1 /xmad). In the submicro­
meter size range (stages 4 and 5), however, the K percent­
ages appear to be significantly higher than those for the other 
cations, suggesting an additional excess fine mode for K. 
This difference of the K size distribution is also reflected in a 
somewhat lower MMD. In the second set of samples, no 
excess fine K can be discerned. For this set, on the other 
hand, the K size distribution appears to be steeper than 
those for the other seawater cations, especially in the large 
particle mode. As a result, the MMD is here slightly higher 
for K than for Mg, Ca, and Sr.
S ea w a ter C a tions a n d  C oarse P article  Su lfur
To investigate more closely the relationship among the 
different seawater cations and sulfur, interelement concen­
tration ratios were calculated for stages 1,2, and 3 and were 
normalized to the elemental ratios in seawater [R iley and  
C hester, 1971]. This procedure aids in determining whether 
simple dispersion of seawater is sufficient to account for 
aerosol composition or whether additional processes may be 
important (e.g., transfer of suspended particulate or surface 
active dissolved material from the sea surface, advection of 
airborne particles from terrestrial sources, or gas-particle 
interactions in the atmosphere). The resulting fractionation 
factors for K and Ca relative to Mg (FMg(X), using the 
terminology of D u ce  a n d  H o ffm a n [1976]), are plotted in 
Figure 5. For the first part of the track, the Mg, K, and Ca 
concentration data were corrected for a crustal contribution 
by using the Fe atmospheric concentrations and the Mg/Fe, 
K/Fe, and Ca/Fe concentration ratios in crustal rock [M a­
son , 1966]. The corrected net seawater fractionation factors 
are on the average about 0.7 times the initial values, indicat-
TABLE 2. Mass Median Diameters of Sea Salt and Crustal 
Elements
Element
Sample set
35-45* 46-56t
Mg 3.6 3.9
K 3.2 4.1
Ca 3.4 3.6
Sr 3.7 3.6
S 1.0 2.7
Cl 3.9 4.4
Br 3.9 4.5
A1 3.7
Si 3.0 4.1
Ti 4.1
Mn 2.9
Fe 3.1 4.4
In /xm aerodynamic diameter (calculated from average size distri­
bution data plotted in Figures 3 and 4 (see text).
*Nine sample pairs, excluding 40 (blank) and 44 (harbor). 
tTen sample pairs, excluding 50 (blank).
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Fig. 5. Seawater fractionation factors for K and Ca relative to 
Mg as a function of sample number for >l-/unad particles, stages 1, 
2, and 3. Data for sample numbers 35-45 were corrected for a 
crustal contribution (see text). Long horizontal lines represent 
median values for the 35—45 and 46-56 sample sets. Short horizontal 
lines at the left indicate average fractionation factors for a set of nine 
selected Atlantic sample pairs. Solid lines and dots apply to Ca, 
dashed lines and crosses to K.
ing a substantial crustal component for K and Ca. For the 
sample pairs 46-56, on the contrary, because of very low Fe 
concentrations the calculated crustal contribution in the K 
and Ca concentration data turned out to be less than 5% and 
was therefore neglected. Median values of the seawater 
fractionation factors for the first and second part of the track 
are indicated in the figure by horizontal lines. The data in 
Figure 5 are also compared with average fractionation fac­
tors, obtained for nine selected sample pairs collected over 
tropical and subtropical parts of the Atlantic Ocean under 
very clean conditions [Maenhaut et al., 1983]. These nine 
Atlantic pairs showed low concentrations of fine S and of 
large particle Fe and Si, similar to the levels observed along 
the second part of the Pacific track.
The median seawater fractionation factors for the first set 
of samples are close to unity, indicating that for this section 
the crust-corrected levels of K, Ca, and Mg are in the same 
relative proportions as in unfractionated bulk seawater. 
These observations are in full agreement with those of E. 
Hoffman et al. [1980]. These authors found for samples 
collected at Bermuda that after subtracting a soil-derived 
component the Ca/Na, Mg/Na, and coarse particle K/Na 
ratios were within 10-20% of those in seawater. The situa­
tion is clearly different for the second set of samples (sam­
ples 46-56). For this section, the Ca fractionation factors 
appear to be systematically higher than those for K. The 
latter are relatively close to unity for all three impactor 
stages, with median values FMg(K) = 0.97, 0.78, and 1.04 for 
stages 1-3 respectively, whereas the corresponding median 
values for the Ca fractionation factor are FMg(Ca) = 1.24, 
1.42, and 1.62. This suggests that the Ca enrichment in the 
46-56 sample set increases with decreasing particle size.
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To be more confident about this phenomenon, the frac­
tionation factors with respect to K were also investigated 
(see Figure 6). Although Mg is normally considered to be a 
better seawater reference element than K, owing to the fact 
that its concentration is less influenced by crustal dust and 
that Mg is generally not fractionated relative to Na [Duce 
and Hoffman, 1976], PIXE Mg data should be treated 
cautiously because of the rather high corrections for X ray 
attenuation. The disadvantages of K as seawater reference 
element (i.e., eolian dust contribution and the presence of an 
excess fine K mode) do not seem to exist for the 46-56 
sample set, as already was discussed earlier. For the 35-45 
samples, on the other hand, the crust-derived K component 
was quite substantial, raising the question how to correct 
properly for this crustal component and what to use as 
reference soil or rock composition. It was therefore decided 
to plot uncorrected fractionation factors relative to K for all 
samples in Figure 6. As far as the FK(Ca) data are con­
cerned, these uncorrected values are probably not too 
different from the crust-corrected data, as the Ca/K weight 
ratio of different soils and rocks is similar to that of bulk 
seawater where Ca/K = 1.01. The data in Figure 6 clearly 
indicate an enrichment of stage 2 and stage 3 Ca relative to K 
for the 45-56 sample set and confirm that the enrichment is 
higher for particles in the <4 jumad size range than for the 
larger particles. The median values of FK(Ca) in the second 
sample set are 1.30, 1.95, and 1.82 for stages 1, 2, and 3, 
respectively.
Another interesting feature of Figure 6 is that the S 
fractionation factors correlate well with the F K(Ca) values in 
the 46-56 sample set. This is especially evident for stage 2. 
Although the sulfur enrichments tend to be somewhat small­
er than those for Ca, the FK(S) median values are also larger 
for stages 2 and 3 than for stage 1. The sulfur fractionation 
factors for the 35-45 sample set show a somewhat different
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Fig. 6. Seawater fractionation factors for Ca and S relative to K 
as a function of sample number for >l-/amad particles, stages 1, 2, 
and 3. No corrections for crustal contributions were applied. See 
caption to Figure 5 for explanation of horizontal lines. Solid lines 
and dots apply to Ca, dashed lines and crosses to S.
picture and are more difficult to interpret in terms of sea 
spray fractionation because of the significant crustal contri­
bution in K and because of the larger submicrometer S mode 
(see Figure 3), which may extend into the 1-2-pimad size 
range (stage 3). Except for some sample pairs collected in 
harbors, the Ca/Sr ratio was similar to that in bulk seawater 
and appeared to be fairly independent of stage number, even 
for the 46-56 sample set. The analytical errors associated 
with the individual Sr data were significantly larger than, for 
example, for K or Ca, owing to low Sr concentrations as well 
as lower PIXE sensitivity for heavier elements, but the 
absence of significant enrichment of Ca relative to Sr is 
demonstrated in Table 3, which lists average FSr(Ca) values 
for the 46-56 sample set as a function of stage number. Table 
3 also gives average fractionation factors relative to K for the 
elements Mg, S, Ca, and Sr, and a comparison is made with 
data obtained for the 9 selected samples for the Atlantic 
track.
It is evident from Table 3 that there are substantial 
differences in fractionation factors between the Pacific and 
Atlantic sample sets. For the Atlantic samples the enrich­
ment is less than 25% for all elements listed and for all 
impactor stages. The most significant deviations from unity 
are observed for sulfur. An enrichment of this element in the 
marine aerosol is not uncommon, and also in tracer experi­
ments enrichments of 10-30% have been observed [Garland, 
1981]. (Enrichments of the order of 10% in Table 3 should 
not be considered significant since the calibration of the 
PIXE set-up is only accurate to 5-10% for the elements S, 
Cl, K, and Ca.) For the 46-56 Pacific set, about half of the 
Fk(X) values appear to be larger than 1.5. Since the same 
sampling equipment and the same PIXE set-up were used as 
for the Atlantic set, these deviations from unity are much 
greater than systematic errors in the analysis. Similarly to 
what we have already indicated for Ca and S, the Sr 
enrichments relative to K also vary with stage number in the 
46-56 Pacific set, and they are significantly larger in the <4 
/xmad fractions than for the coarser particles. The same 
trend may even exist for Mg, although lower precision of the
TABLE 3. Seawater Fractionation Factors for Sea-Salt Cations 
and Sulfur; Comparison of 46-56 Sample Set With Selected 
Atlantic Samples
Stage
Number 1 2 3 4
Pacific (46-56 Sample Set, n = 10)
FNa(K)* 1.15 ±  0.06 1.25 ±  0.12 1.31 ± 0.31
FK(Mg) 1.04 ±  0.08 1.38 ± 0.25 1.02 ± 0.17
F|c(S) 1.25 ±  0.06 1.60 ±  0.19 1.61 ± 0.13
Fk(C a) 1.31 ±  0.09 1.97 ± 0.35 1.82 ± 0.42 1.57 ± 0.45
FK(Sr) 1.23 ±  0.39 1.96 ± 0.29 1.47 ± 0.25
FSr(Ca) 1.09 ±  0.30 1.11 ±  0.28 1.21 ± 0.26
Atlantic (9 Selected Sample Pairs, n = 9)
FK(Mg) 1.07 ±  0.11 1.10 ±  0.27 0.97 ± 0.18
FK(S) 1.13 ±  0.06 1.12 ±  0.13 1.21 ± 0.13
FK(Ca) 1.07 ±  0.09 1.15 ± 0.23 1.15 ± 0.15 1.05 ± 0.30
FK(Sr) 1.07 ±  0.25 1.22 ± 0.44 0.98 ± 0.29
Fsr(Ca) 1.01 ±  0.20 1.01 ±  0.20 1.03 ± 0.10
Values listed are averages and standard deviations, based on n 
sample pairs, defined, for example, by FK(Mg) = (Mg/K)sample/(Mg/ 
Preference where seawater is the reference composition.
“Obtained by combining the PIXE K/Cl ratio with the INAA Na/ 
Cl ratio. Values listed are the averages of the 10 samples analyzed 
by INAA.
individual Mg data and the possibility of systematic errors 
precludes drawing firm conclusions for this element.
By combining the PIXE and INAA results for the impac­
tor slides analyzed by both methods, fractionation factors 
relative to Na could be calculated. The average F Na(K) 
values obtained are included in Table 3. The results suggest 
that K itself is perhaps slightly enriched relative to Na in the 
46-56 Pacific set and that its enrichment increases somewhat 
with decreasing particle size. Consequently, the increase in 
enrichment with stage number observed for Ca, S, and Sr 
will even be accentuated if Na instead of K is selected as 
reference element.
Differences between the alkali-alkaline earth and large 
particle sulfur interelement ratios in the marine aerosol and 
in bulk seawater have been reported in several papers. 
However, in most cases these discrepancies can be attribut­
ed to the presence in the marine aerosol of a component not 
originating from bubble bursting, such as windblown crustal 
dust [Duce and Hoffman, 1976; E. Hoffman et al., 1980; 
Buat-Menard et al., 1974], Such an explanation can be 
excluded here as the S, Ca, and Sr enrichments are observed 
for samples, collected far away from land and showing very 
low concentrations of Si and other crustal elements. More­
over, the Ca/K and also Sr/K ratios appeared to be closer to 
the bulk seawater values for the 35-45 sample set, which 
was collected closer to the continent and showed much 
larger Si concentrations. Also, the fact that the Ca/Sr ratios 
are about the same as in seawater is evidence against the 
presence of carbonate sands or gypsum, which have much 
larger Ca/Sr ratios than the seawater ratio of 50. (The sample 
pair 44, collected in a harbor of San Cristobal, Galapagos 
Islands, and having FK(Ca) values of 13.8, 8.0, and 5.4 for 
stages 1, 2, and 3, respectively, showed Fsr(Ca) values of. 
2.6, 2.4, and 2.0 for the same three stages. This is consistent 
with a Ca/Sr ratio of at least 100 in an excess component, 
which is certainly of local origin.) It should be emphasized 
here that the enrichments observed for the 46-56 sample set 
may have gone unnoticed if bulk filter samplers had been 
used. Indeed, as more than 40% of the K, Ca, and Sr mass 
sampled is contained in >4 /xmad particles, and this fraction 
is probably less than in the atmosphere because of our 
sampler bias against the coarsest particles, the enrichments 
for the total aerosol are likely to be similar to those observed 
for stage 1, thus around 30% or less.
The particle-size dependent enrichment of S in the >1 
pimad range and of Ca and Sr for the 46-56 sample set can 
virtually only be explained as originating from true sea-to-air 
fractionation processes. Bursting bubbles, generated as a 
result of wave action and believed to be the major source of 
sea spray [Blanchard and Woodcock, 1957, 1980], effectively 
skim the sea surface microlayer so that the sea-salt particles 
are produced from a thin layer, which may have a composi­
tion different from that of bulk seawater. MacIntyre [1974] 
reviewed several physical mechanisms, proposed in the 
literature to explain the enhancement of ionic species at the 
air/sea interface, but he concluded that they only affect ionic 
concentrations to a depth of a few molecular layers, with 
Gibbsian adsorption being a possible exception. He also 
suggested that binding to organic molecules may be a 
possibility and pointed out that divalent cations such as Ca2+ 
are more strongly bound than monovalent ions (e.g., Na+). 
As the concentration ratio of organic material to Na tends to 
increase with decreasing particle size, enrichments of diva-
lent cations in the small particle size range look quite 
reasonable to him. This is almost exactly what we observe in 
the 46-56 sample set. In addition, these samples were 
collected over an area of the Pacific with relatively large 
primary productivity owing to moderate upwelling near the 
equator [see, e.g., Lieth and Whittaker, 1975], and the 
potential of enhanced organic concentrations in the surface 
microlayer is certainly present. However, as the primary 
productivity is of the same order or even higher in the 
section of the eastern equatorial Pacific between Panama 
and the Galapagos Islands, where no significant enrichment 
of Ca is observed, the picture is certainly more complicated. 
In any case, on the basis of the results observed-here, it can 
be argued that sea-to-air fractionation effects exist in the 
alkaline earth elements (and in S in >l-//.mad particles), but 
they apparently depend on what part of the ocean is under 
investigation and perhaps also upon other factors such as 
season and sea state.
Halogens Cl and Br
The average size distributions for the elements Cl and Br 
(Figure 3) are somewhat steeper than those obtained for 
most alkali and alkaline earth elements. This phenomenon is 
also reflected in the slightly larger MMD’s for the halogens 
(see Table 2). Average Cl and Br fractionation factors 
relative to K are listed in Table 4 for the second part of the 
Pacific track together with those for the nine selected 
Atlantic sample pairs. Table 4 also contains Cl fractionation 
factors relative to Na as derived from the INAA analysis. 
The Cl/Na ratios could be measured very precisely with this 
technique, and their accuracy is estimated to be as good as 
2-3%. The FK(C1) and FK(Br) values for the 46-56 Pacific 
samples decrease significantly with decreasing particle size, 
but this trend is in part caused by the slight increase in K 
enrichment relative to Na as a function of stage number. The 
FNa(Cl) value remains very close to unity for stages 1 and 2 
but is reduced to 0.8 for stage 3. Apparent Cl fractionation 
factors, lower than unity and decreasing with decreasing 
particle size, have been reported by several authors [Mar­
tens et al., 1973; Wilkniss and Bressan, 1972; Meinert and 
Winchester, 1977] and are normally explained as resulting 
from Cl loss to the gas phase after the sea-salt particles have 
been formed. Reactions of unfractionated NaCl with gaseous 
acids and/or oxidants are considered to be the major mecha­
nisms. This may especially be true for the marine aerosol
TABLE 4. Seawater Fractionation Factors for Cl and Br. 
Comparison of 46-56 Sample Set With Selected Atlantic Samples
Stage
Number 1 2 3 4
Pacific (46-56 Sample Set, n — 10)
FNa(Cl)‘ 0.96 ± 0.03 0.95 ±  0.03 0.81 ±  0.15
FK(C1) 0.82 ±  0.04 0.74 ±  0.09 0.59 ±  0.19 0.49 ±  0.09
FK(Br) 0.79 ±  0.12 0.73 ±  0.18 0.39 ±  0.12 0.36 ±  0.09
FCi(Br) 0.97 ±  0.17 0.99 ±  0.25 0.60 ±  0.14 0.78 ± 0.13
Atlantic (9 selected sample pairs, n = 9)
F|c(Cl) 0.91 ± 0.07 0.72 ±0.11 0.61 ±0.11 0.43 ± 0.15
FK(Br) 0.57 ± 0.15 0.44 ±  0.18 0.28 ±  0.12 0.30 ± 0.09
Fc,(Br) 0.62 ±  0.14 0.59 ±  0.20 0.46 ±  0.16 0.68 ± 0.30
Values listed are averages and standard deviations, based on n 
sample pairs.
‘ Derived from the INAA Cl/Na ratio. Values listed are the 
averages of the 10 samples analyzed by INAA.
over those parts of the oceans that are strongly influenced by 
continental and polluted air, such as large sections of the 
North Atlantic. In such areas a virtual absence of Cl in the 
0.25-l-//mad size range is not uncommon [Meinert and 
Winchester, 1977; M. Darzi and J. W. Winchester, unpub­
lished results, 1980; Maenhaut et al., 1983]. However, it 
remains somewhat controversial if an aerosol Cl deficit also 
exists in the ‘clean’ marine atmosphere. The data in Table 4 
indicate that this Cl deficit is very small for the second part 
of the Pacific track, at least for particles >1 /unad (stages 1, 
2, and 3). From the Fua(Cl) data in Table 4 and the average 
Cl size distribution, a total Cl deficit of 5% can be calculated 
for the >1 /imad size fraction. As the submicrometer Na 
concentrations are expected to amount to less than 5% of the 
total Na levels the bulk Cl deficit (thus summed over all 
stages) is certainly less than 10%. The situation appears to be 
somewhat different for the clean Atlantic samples. Although 
Na was not measured in these samples, the FNa(Cl) values 
are not expected to deviate much from the FK(C1) data as no 
significant alkali-alkaline earth fractionations were observed 
here. The Cl deficit for these samples, collected over clean 
tropical and subtropical parts of the North Atlantic, is in 
qualitative agreement with measurements made by Kritz and 
Rancher [1980]. Their Whatman filter samples, collected 
over the equatorial Atlantic off the West African coast, 
showed Cl/Na ratios varying from 0.64 to 1.60 (median: 
1.27), which are lower than 1.81, the Cl/Na ratio in bulk 
seawater. The fact that the Cl deficit is apparently less 
pronounced over the clean Pacific may indicate that the 
concentrations of the gaseous compounds responsible for 
the Cl loss are lower there than over clean Atlantic regions. 
Any Cl loss from the aerosol may also be latitude dependent, 
since investigations in southern temperate latitudes indicate 
the absence of a Cl deficit in the marine aerosol or even a 
possible Cl enrichment [Andreae, 1982; Lawson, 1978].
The FK(Br) data in Table 4 closely follow the same trend, 
as a function of particle size, as do the FK(C1) values. 
However, when fractionation factors relative to Cl, Fa (Br), 
are calculated, a moderate U-shaped behavior, displaying a 
minimum for the l-2-/xmad size range, becomes apparent. 
The Fci(Br) data, observed here for the 46-56 sample set are 
quite similar to those obtained by Moyers and Duce [1972] 
for samples collected at Hawaii. Although the Fci(Br) values 
for the clean Atlantic samples are all substantially lower, 
they still show the same differential behavior. Such a behav­
ior can be explained as resulting from an exchange of Br 
between the particulate and gas phases. Photochemical 
reactions, such as discussed by Zafiriou [1974], may play an 
important role [see also Rancher and Kritz, 1980].
Crustal Component
In the above discussions it was tacitly assumed that large 
particle Si and Fe are from earth crustal origin. Evidence 
that this supposition is at least warranted for the first part of 
the Pacific track is presented in Figure 7, which shows 
concentration ratios to Fe for the >1 //.mad size range. 
Although Figure 4 suggests that the size distributions for the 
different soil elements may not be identical, the ratios to Fe 
were averaged over stages 1, 2, and 3 for every individual 
sample, and the means of these ratios are plotted in Figure 7. 
It is evident from this figure that the Si/Fe and Mn/Fe ratios 
vary but little as a function of sample number. Somewhat 
more scatter is observed for the Al/Fe and Ti/Fe ratios, but
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Fig. 7. Ratios of crustal elements to Fe, averaged over >1- 
/xmad fractions, stages 1, 2, and 3, as a function of sample number. 
Short horizontal lines at the left indicate ratios in average crustal 
rock according to Mason [1966].
most data points still lie within ±50% of the median values. 
Except for the Si/Fe ratio, the median values appear to be 
very close to Mason’s ratios for crustal rock [Mason, 1966]. 
Low Si concentrations relative to the other crustal elements 
are, however, not uncommon [see, e.g., Rahn, 1976a], and 
they were suggested by Rahn [19766] to be due to crust-to- 
air fractionation.
The crustal component in the samples collected between 
Panama and the Galapagos Islands is almost certainly from 
eolian origin, due to long-range transport of wind-blown 
crustal dust from arid regions in the American continents. 
Using collection techniques, which were quite dilferent from 
ours and which discriminated against the collection of parti­
cles smaller than several micrometers, Prospero and Bonatti 
[1969] found mineral dust concentrations of 0.3-0.6 jug/m3 in 
the same region, and they suggested that the dust was 
derived from arid regions of western and southern Mexico. 
On the basis of a geometric mean Fe2 concentration of 7.5 
ng/m3 (geometric standard deviation = 1.63) for the 35-45 
sample set and the average Fe size distribution in Figure 4, 
we obtain a total Fe concentration of 22 ng/m3, which can be 
converted to an estimate of 0.44 /xg/m3 for the total crustal 
component. This value is remarkably similar to those of 
Prospero and Bonatti [1969], although the agreement may be 
somewhat fortuitous, considering that not only sampling 
techniques but also methods of analysis were quite different.
The size distributions and mass median diameters for the 
crustal elements resemble those of the sea-salt elements. 
This observation may be surprising as long-range transport 
of crustal dust is expected to shift the MMD’s to lower 
values, owing to the shorter atmospheric residence times 
expected for larger particles [Junge, 1963]. However, in 
samples collected over the tropical Atlantic Ocean, Maen­
haut et al. [1983] noticed that the size distributions of the 
crustal elements remained relatively unchanged up to a few 
thousand kilometers west of the African continent, although
the total dust concentration decreased by about 2 orders of 
magnitude. Interaction of the crustal dust with the sea 
surface or marine aerosol, perhaps by resuspension of 
floating dust during sea spray formation or by coagulation 
processes in the atmosphere, may be responsible for these 
observations.
West of the Galapagos Islands (i.e., for the 46-56 sample 
set), the geometric mean Si and Fe concentrations were 4.8 
and 3.3 ng/m3, respectively, 11 and 7 times lower than the 
corresponding values for the 35-45 sample set. On the basis 
of the Fe level, an average concentration of 0.066 /xg/m3 for 
the crustal component can be estimated, which is again 
rather similar to the range of 0.04-0.2 /xg/m3 observed by 
Prospero and Bonatti [1969] for the same region. These 
authors assumed that the dust originated from arid areas 
along the coast of Peru and northern Chile. However, the 
size distributions of Si and Fe are still heavily weighted 
toward the coarse particles and show a fairly good resem­
blance with those of Mg and K (compare also the mass 
median diameters). Therefore, both elements could be main­
ly sea surface derived (e.g., due to reinjection in the air of 
crustal-like material present in the sea surface microlayer). 
G. Hoffman et al. [1974] calculated that the lifetime in the 
oceanic surface microlayer of directly deposited atmospher­
ic dust is at most only a few seconds. In a sample set, 
collected at Samoa, Maenhaut et al. [1981a] observed a 
nonseawater component of coarse particle size, consisting of 
Fe, Ti, and other elements, and they suggested it to be of sea 
surface origin. The size distributions for these elements were 
significantly steeper than those for the seawater elements, 
with >90% contained in >4 /xm particles, and the interele­
ment ratios were quite different from those in crustal rock. 
These elements may have been associated with surface 
active material of biological origin, not crustal dust per se, 
and rendered airborne by bubble bursting. Although pro­
cesses qualitatively similar to those suggested for the Samoa 
aerosol may also have been operative on the open ocean, 
their quantitative aspects should depend on the possibly 
patchy distribution of biological material in the surface of the 
ocean. Their importance for the observed Fe and Si concen­
trations in the samples collected west of the Galapagos 
Islands cannot be judged with certainty.
Submicrometer S and K
A comparison between the different seawater cation size 
distributions in Figure 3 suggests the presence of a small 
excess fine mode for K in the 35-45 sample set. This excess 
fine mode was quite significant in certain sample pairs as is 
demonstrated in Figure 8a, which presents excess K and S 
concentrations in the <  1 /xmad range as a function of sample 
number. The excess concentrations were obtained by over­
laying the K or S size distribution plot on that of Mg, and 
vertically shifting the plots until a match was obtained for the 
coarse particle sizes (stages 1, 2, and 3). The excess K or S 
concentrations were then estimated by reading on the K or S 
plot the concentrations that would be expected on the 
submicrometer stages if the same size distribution would 
hold as for Mg and by then subtracting these expected 
concentrations from the experimental data points. Similar 
procedures for resolving a fine aerosol component have been 
applied previously by Winchester et al. [1981a, b, c].
From the trends in Figure 8a it appears that there is some 
degree of correlation between the excess fine K and S
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Fig. 8. Variation as a function of sample number of excess S 
and K concentrations in <l-/xmad particles, and of Cu and Zn 
concentrations in the 0.25-2-/xmad size range (sum of stages 3, 4, 
and 5). Subscript x denotes excess. Upper limits are indicated by 
arrows.
concentrations. However, the local maxima at harbor sam­
ple pairs 34, 57, 61, and 63 are much more pronounced for K 
than for S. As these sample pairs were all collected near 
inhabited areas, the fine K maxima may be attributed to a 
local source, which is likely to be biomass or fossil fuel 
burning. Burning of organic material in forested and agricul­
tural areas has been shown to release fine particulate potas­
sium [Leslie, 1981] and has been suggested as a major source 
for the excess submicrometer potassium mode observed in 
non-urban South American aerosol samples [Lawson and 
Winchester, 1978]. According to L. C. Boueres (personal 
communication, 1981), the agricultural burning of biomass 
releases fine particles with a S/K ratio near 0.7, and this ratio 
increases during airmass aging (1-3 days) to about 2. In 
samples collected near Brasilia and in the Goias Province, 
Brazil, submicrometer S/K ratios of around 1 have been 
observed [Lawson and Winchester, 1978], The excess fine 
S/K ratios found in sample pairs 34, 57, 61, and 63 are, 7, 11, 
8, and 1.6, respectively. This suggests that agricultural 
biomass burning may not be the dominant source of fine 
mode sulfur in these samples, except perhaps for sample pair 
63. However, as the excess fine S level tends to peak at 
those same sample pairs, a contribution from local land- 
based sulfur sources seems nevertheless to be likely.
The geometric means and standard deviations of excess 
fine S concentrations are 104(1.21) and 46(1.33) ng/m3 for the 
nine 35-45 and ten 46-56 sample pairs, respectively. These 
levels resemble those observed at other remote tropical and 
southern hemisphere sampling sites [Lawson and Winches­
ter, 1979]. Oxidation of biogenic sulfur gases (e.g., dimethyl 
sulfide) to S02, followed by its conversion to sulfate, is 
believed to be a major source mechanism of excess aerosol 
sulfur in the natural marine atmosphere [Bonsang et al., 
1980], Using estimates for the sea-to-air transfer rate of 
DMS, Andreae [1982] was able to explain an excess S 
concentration of 177 ng/m3. If one takes into account that the 
samples in this work were collected over an oceanic area 
with substantial primary productivity, it seems justified to 
attribute our excess fine S levels to a similar source mecha­
nism. The fact that the excess fine S concentration is about 2 
times larger in the 35-45 sample set than in the 46-56 
samples may be related to an enhanced productivity near the 
continent. However, the correlation between the excess fine 
sulfur and mineral dust (see also Figure 2b) suggests that at 
least a fraction of the submicrometer sulfur may be of 
continental origin in the former samples.
The excess fine K concentrations observed in the open 
ocean samples are somewhat difficult to explain. If they are 
related to biomass burning on the American continents, one 
could expect that the excess S to K concentration ratio, 
Sx/Kx, would increase with sample location east to west, in 
view of the fact that submicrometer sulfur is likely to be a 
secondary aerosol component, and potassium only primary, 
and also that the ocean is a potential source region of trace 
sulfur gases. Although there is some indication of an excess 
fine S to K ratio increase (the ratio ranged from 40 to over 80 
in the sample pairs 46-55, versus from 30 to 50 in the 
samples 35-43), the difference is small and the trend is 
approximate. Buat-Menard et al. [1974] suggested that 
chemical fractionation processes during bubble bursting may 
be a source of excess fine K over productive waters, but this 
mechanism was considered unlikely by E. Hoffman et al. 
[1980]. It is possible that differences in air mass transport 
paths and in biomass burning source areas may be responsi­
ble for our observations. It also should be realized that the 
excess fine K mode was very low in the 46-56 sample set and 
is subject to uncertainties by our graphical subtraction 
procedure for resolving the fine component. In addition, 
several excess fine K data are only upper limit points.
Heavy Metals
Copper and zinc concentrations in the 0.25-2 /xmad parti­
cle size range, the sum of stages 3, 4, and 5, are plotted as a 
function of sample number in Figure 8b. Both elements were 
also often detected on stages 1 and 2 in concentrations 
similar to or somewhat higher than those observed in <2 
/xmad particles, but the agreement between the two dupli­
cate samples of each pair was not so good, partially as a 
result of larger blank corrections owing to the use of a larger 
proton beam area [Maenhaut et al., 1981/?]. Of the other 
heavy metals, arsenic and especially selenium were often 
detected, but only in 1-2-/am particles (stage 3) and at 
concentrations of about 0.2 and 0.1 ng/m3, respectively. 
Although these As and Se data are of the same order as those 
reported for the marine atmosphere by Walsh et al. [1979] 
and Mosher and Duce [1981], they are only semi-quantita­
tive as they were only slightly above the detection limits.
The Cu and Zn concentrations in the 0.25-2-/xmad range, 
Figure 8b, are greater than would be expected if crustal 
weathering products or seawater were their source. By using 
geometric mean concentrations for Cu3+4+5, Zn3 +4 +5, total 
Fe, total Mg, and published composition data for the source
materials (Mason [1966] for crustal rock, Bowen [1979] for 
bulk seawater), the following average ratios of aerosol 
composition to reference composition (fractionation factors) 
are obtained for the 35-45 sample set: FFe,Crust(Cu) = 17, 
F Fe,crus,(Zn) = 19, Fmg,sea(Cu) = 24000, FMg.sea(Zn) = 1800. 
These ratios, of course, do not imply any specific process 
causing the observed aerosol composition, but they indicate 
that Cu and Zn are anomalously enriched elements (AEE), 
and the enrichments appear to be of the same order as those 
observed at other remote marine and continental locations 
[see, e.g,,Duce et a/., 1975; Adams et al., 1980], Long-range 
transport from natural continental high-temperature sources, 
such as volcanoes, has been suggested to explain the atmo­
spheric concentrations of the AEE and their occurrence in 
the fine particle size range [Duce et al., 1975; Maenhaut et 
al., 1979]. The AEE are also enriched in aerosols from fuel 
combustion [Dams and De Jonge, 1976; Rahn, 1976a; Win­
chester et al., 1981a]. Evidence supporting a noncrustal 
continental source is found here in the fact that the Cu and 
Zn size distributions are much flatter than those for the 
crustal and sea-salt elements and also in the variability with 
sample number. Indeed, in the samples collected west of the 
Galapagos Islands, where the crustal component decreased 
significantly, Cu and Zn were below the detection limit in the 
0.25-2-/xmad size range. However, the ocean itself should 
not be completely ruled out as a possible source of Cu and 
Zn [Duce et al., 1976; Cattell and Scott, 1978]. Cattell and 
Scott [1978] attributed Cu concentrations of several ng/m3, 
observed in the vicinity of Tasmania, to a sea surface source. 
The decrease of atmospheric Cu levels farther from the 
continent, as noticed here, may then be related to the fact 
that Cu concentrations in sea water tend to be higher in near 
coastal areas [Boyle et al., 1981].
Except for some sample pairs collected in harbors, heavy 
metals typical of anthropogenic liquid fuel combustion 
sources (i.e., Pb, V, and Ni) could not be detected. The 
upper limits for these and other elements in the 0.25-2-p.mad 
size range are reported in Table 5. The Pb and V upper limits 
are similar to actual concentrations observed for these 
elements over the eastern Pacific by Chow et al. [1969] and 
G. Hoffman et al. [1969], and they indicate that the impact of 
leaded gasoline and heavy fuel oil burning on the aerosol 
composition in that area is quite low. Considering that only 
upper limits were obtained for several more elements, it may 
also be concluded that other industrial processes contribute 
little if anything to the total aerosol mass. West of the 
Galapagos Islands, the influence of even major natural
TABLE 5. Upper Limits for Atmospheric Concentrations of 
Heavy Metals in the 0.25-2-/xmad Size Range
Upper limit,
Element ng/m3
V <0.13
Cr <0.09
Mn <0.07
Ni <0.04
Cu <0.05*
Zn <0.3*
As <0.2t
Se < 0 .15t
Pb <0.9
*Apply only to the 46-56 sample set; see also Figure 8b. 
tAs was sometimes observed on stage 3 only, Se was often 
observed on that stage (see text).
continental source processes, such as crustal weathering, 
was rather minor, as could be deduced from the atmospheric 
Si and Fe levels.
Summary and Conclusions
On the basis of meteorological conditions and trends of 
coarse silicon and submicrometer sulfur concentration as a 
function of sampling sequence along a sampling track be­
tween Panama and Tahiti, April-October 1979, two regions 
with different aerosol composition could be discerned. Be­
tween Panama and the Galapagos Islands a substantial 
crustal component (geometric mean concentration = 0.44 
/xg/m3), fine Cu and Zn and excess fine S and K were 
detected in addition to the major sea-salt elements. The 
crustal component is explained as resulting from long-range 
transport of wind-blown dust, probably originating in the 
vicinity of Central America. The elements Cu and Zn, 
present in the 0.25-2-/zmad size range at geometric mean 
concentrations of 0.4 and 0.6 ng/m3, respectively, were 
anomalously enriched with respect to either crustal rock or 
bulk seawater. Fuel combustion or geothermal emissions on 
the American continents are suggested as their principal 
source, but a possible sea surface origin should not be 
excluded. West of the Galapagos Islands, concentrations of 
all nonseawater components were significantly lower. In the 
10 sample pairs collected between the Galapagos and the 
Marquesas, geometric mean Si and Fe concentrations were 
as low as 4.8 and 3.3 ng/m3, respectively, corresponding to 
0.066 /xg/m3 mineral dust, if both elements are assumed to be 
of terrestrial origin. Cu, Zn, and other heavy metals were 
absent in the 0.25-2-/xmad size range, with upper limits 
between 0.05 and 0.15 ng/m3 for the elements V, Cr, Mn, Ni, 
Cu, and Se. Excess sulfur in submicrometer particles aver­
aged 46 ng/m3, which is similar to values reported for other 
remote marine and continental sites. These results indicate 
that the marine atmosphere west of the Galapagos Islands 
was little influenced by natural continental source processes 
or by pollutant transport.
In this clean marine air, several concentration ratios 
among major seawater elements showed significant differ­
ences from those observed in bulk seawater. Ca, Sr, coarse 
S, and maybe also Mg to some extent, appeared to be 
enriched relative to K and Na, and the enrichment was 
substantially greater in <4 /xmad particles than in coarser 
particles. True sea-to-air fractionation, perhaps involving 
binding of divalent cations to dissolved or particulate organic 
matter on the sea surface, is suggested to be likely. Compari­
son with a set of nine samples pairs, collected over the 
Atlantic Ocean under very clean conditions, indicated the 
absence of significant enrichment in the Atlantic samples, 
suggesting that the fractionation processes depend upon the 
area of the ocean investigated, and perhaps also upon other 
factors such as season and sea state. Chlorine and bromine 
were only slightly depleted in the marine aerosol When 
compared with bulk seawater,-but the deficit increases 
somewhat with decreasing particle size. However, the total 
deficit, summèd over all stages, was much smaller (i.e., only 
5 to 10% for Cl) than has been reported in more polluted 
marine air. Excess fine S, but especially excess fine K, 
showed a tendency to exhibit highest values for sample pairs 
collected in harbors, suggesting local island-derived sources 
such as biomass and fossil fuel burning, to be responsible for 
the excess K and perhaps for a portion of the excess S.
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SUMMARY
Penetration of electrolytes through the human skin was measured in 
healthy volunteers and 1n psoriatic  patients after bathing in the Dead-Sea 
or In simulated bath-salt solutions. S ign ifican t increases in the levels 
of serum Br, Rb, Ca and Zn were noticed only 1n the psoriatic  patients 
afte r d a lly  bathing 1n the Dead-Sea for a 4-week regimen. Guinea-pigs 
"bathed" 1n simulated Dead-Sea bath -salt solutions containing radionuclides 
of Ca, Mg, K and Br. Traces of each radionuclide were detected 1n the 
blood and 1n some Internal organs after 60 minutes o f bathing1. The 
radionuclides showed a physiological pattern 1n their organ d istribu tion .
Even though the whole Investigation was carried out 1n hypertonic 
so lu tions, there 1s a definite penetration of sa lts  through healthy (human 
and guinea-pigs) and damaged (p soriatic ) epidermis. This find ing suggests 
that Improvement of the p soriatic  condition after bathing 1n the Dead-Sea, 
may be partly  attributed (1n addition to u ltrav io le t Irrad ia tion ) to the 
m inerals' effect on the psoriatic  skin.
0031-6989/85/060513-12/103.00/0 o 1985 The Italian Pharmacological Society
INTRODUCTION
Our Interest 1n penetration of minerals from hypertonic sa lt  
solutions Into the human circulation emenates from Investigating possible  
medical effects after bathing 1n the Dead-Sea. The Dead-Sea contains 
300-320 g/1 sa lt s ,  of which KC1, MgClg• CaClg and NaCl are the major ones 
(98% of the dried sa lt ) .  The other two percent consist of bromide s a lt s ,  
heavy metals, trace elements and so lid s.
The balneo-therapeutlc properties of the Dead-Sea have been known 
throughout the centuries, and have been documented since King Herod's time, 
but the f i r s t  modern medical report on the effect of heliobalneotherapy at 
the hot spring of Zohar (Ein-Bokek) on psoriasis was published by 
Dostrovsky and Sagler only 1n 1959. Since then, various reports on 
Improvement of psoriasis after bathing in the Dead-Sea have been published 
(Avrach, 1977a; Avrach, 1977b; Avrach & Niordsen, 1974; Montgomery, 1979), 
and a review on the medical properties of the Dead-Sea was published by 
Drugan in 1976 (6). The most recent study analyzed results in  1,631 
patients who had stayed at Ein-Bokek unifer careful medical control fo r  4 
weeks, 95% of them showing marked improvement (Montgomery, 1979). Because 
of the high rate of success 1n elimination of psoriatic  plaques a fter  
bathing in the Dead-Sea, groups of psoriatic  Danes came to the 
International P soriasis  Treatment Center (IPTC) 1n Ein-Bokek fo r  
climatotherapy, and one of those group's participated in our study.
P soriasis  is  a complex pro liferative  skin disease, showing p a r t ia lly  
uncontrolled nonmalignant growth of the epidermis. It s  etiology is  
unknown, but is  apparently related to imbalanced cyc lic  nucleotides.
In such a case, a treatment for psoriasis should to a large extent be 
via the c ircu lation, supplying some elemental ions for cAMP production.
This aspect was studied for sodium, potassium (Hodgson, 1960), copper 
(Lipkin et a l,  1962), setenium (Abboud, 1978) and bromine (Shani et a l,  
1982). Moreover, p soriasis has been treated successfully by sa lt  
combinations both externally (Justesen & Harkmark, unpublished) and 
in ternally  (Troitskaia, 1965), and 1t was suggested that a possible  
mechanism of the la tte r treatment ^NaBr administration) is  p a rt ia lly  via  
the known sedative effect of bromide on stress-induced psoriasis. We 
undertook to study whether and to what extent minerals are capable of 
penetrating the skin from an hypertonic solution as occurs in the Dead-Sea.
MATERIALS AND METHODS %
Twenty-four healthy Is rae li volunteers (12 males and 12 females,
20-48 years old) and 21 psoriatic  Danes who came to Ein-Bokek for 
climatotherapy of their disease (10 males and 11 females, 16-60 years o ld ), 
participated in th is  study. The healthy Is ra e lis  were divided Into four 
groups of 6 each and bathed once only, for 30 minutes, either 1n the 
Dead-Sea or in 1.5Ï, 5 Ï or 15% Dead-Sea bath-salt solutions, prepared by 
red issolving the dried Dead-Sea mixture and heating i t  to 37°C. Blood was 
withdrawn from the ir cuboidal vein before and Immediately after bathing, 
after cleaning the area with water and then with 70° ethanol. Blood was 
withdrawn under sim ilar conditions from the psoriatic Danes immediately 
after the ir arriva l in Is rae l,  again after the ir f ir s t  30-minute bathing, 
and once again after a 4-week stay in Ein-Bokek. A ll blood samples were 
le ft  to c lo t at room temperature for 1 hour, the clot detached from the 
tube with a thin wooden applicator and the samples le ft  refrigerated  
overnight for better separation. After decantation, 4-5 ml of each
untreated serum was used fo r bromine determination by'a conventional 
wavelength-dispersive X-ray fluorescence (XRF) (Shanl et a l,  1982) and 
additional 250 ^1 aliquots were dried on a Mylar film  and used for 
determination, 1n threshold, of Sr, Rb, Se, Fe, Ca, K, Zn and Cu, by an 
energy-dispersive XRF procedure (Roberecht et a l, 1982). Sera were a lso  
analyzed for Na, Mg and Cr by Perkln-Elmer model 403 atomic absorption 
spectrophotometer, and Cl was titrated  on a Radiometer model CMT-10 
chlorldometer. A ll participants consented to the study according to the 
Helsinki agreement. S ignificances of differences for a ll  5 groups (before 
and after bathing) were calculated by the Student's " t "  test.
"Sabra" albino guinea-pigs, 250-300 g each, were used for our second 
experiment. Four radioisotopes of Ions ex isting 1n s ign ifican t quantities 
1n the Dead-Sea were used: ^ C a  (Amersham), ^®Mg (BNL), and ®^Br 
(Soreq). Four groups of guinea-pigs were used for studying the penetration 
of each Isotope: cycling, males, pregnant and lactatlng, 9-12 1n each 
group. The guinea-pigs were carefu lly  shaven, then Injected IP with sodium 
pentobarbital 30 mg/kg and Immersed, except fo r the ir heads, 1n a 37°C 
water-bath containing 15? Dead-Sea bath-salt solution with 10 ^ C i/ l  o f  each 
radionuclide. After 60 minutes of bathing, the guinea-pigs were taken out 
of the water-bath, rinsed under the tap, bled and decapitated. Liver, 
spleen, lungs, heart, brain, stomach, small Intestine, skin, bone and 
kidneys were taken from a ll animals. Uteri and ovaries were taken from 
cycling guinea-pigs, testes from the males, placenta, amnlotic f lu id  and 
fetus from the pregnant females. M ilk was squeezed from the lactatlng  
mothers, from whom the pups had been removed the night before. A ll organs 
were sampled, weighed and counted. CPM/g and organ-to-blood ratios were 
calculated fo r a l l  organs sampled.
RESULTS
Elemental analysis of human serum revealed sign ificant penetration of 
four ions through the psoriatic skin, and only penetration of one ion 
through the healthy skin, after bathing in the Dead-Sea for one month and 
30 minutes respectively (Table 1). No increase 1n the levels of any of the 
ions measured was detected in the healthy volunteers after their 30-minute 
bathing in the simulated bath-salt solutions (Table 1. 1.5X sa lt  solution  
not shown). The ions elevated in the sera of the psoriatic patients after  
one month of dally  bathing 1n the Dead-Sea were Br, Rb, Ca and Zn. Even 
though the serum was concentrated before It s  analysis, and the detection 
lim its  were low (0.06 - 4 ^ g / l ) ,  only 9 elements could be analyzed by XRF 
and 4 by atomic absorption, farther lowering of these detection lim its  by 
a factor of 10 could not have made i t  possible to determine more elements 
(Robberecht et a l,  1982).
Analysis of penetration of radionuclides through the guinea-pig skin
demonstrate that the same radionuclide accumulate 1n the same Internal
organs In a l l  four groups studied -  pregnant, lactating and cycling
females, as well as 1n the mature males. Of high significance were the
follow ing elemental retentions: 4^Ca concentrated over 270-fold 1n the skin
28
and s ig n if ic a n t ly  a lso  in the bone, spleen, milk and ovaries; Mg
42
concentrated in the skin, ovaries, spleen, heart and bone; K was absorbed
1n the skin, and found i t s  way to the bone, ovaries, spleen and amnlotlc
82
f lu id ,  while Br concentrated 1n the skin, testes and bone, but not in the 
spleen (Table 2 -resu lts for pregnant and lactating animals not shown).
Some sporadic uptake was noticed for some of the radionuclides 1n other
jo Qp
organs, i.e . * in uteri of cycling animals and Br in pregnant 
gu inea-p igs' ovaries. Organ-to-blood ratios (CPM/g organ over CPM/g blood) 
below 3 were not considered meaningful. In some cases a certain
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radionuclide concentrated differently In the same organ excised from 
different animal-groups. These findings deserve further Investigation.
DISCUSSION
Assuming that the therapeutic effect of the Dead-Sea 1s 1n part due 
to I t s  minerals' content, c lin ica l effectiveness studies of bathing 1n 1t 
were focused on the a b il ity  of It s  various minerals to penetrate through or 
Into the epidermis. This 1s a slow process as the Intact stratum corneum 
1s lim itin g  percutaneous absorption, and minerals are extremely Insoluble  
in  Hp1d membranes and the ir transport via the In te rce llu la r  route 1s 
lim ited.
The questions raised 1n th is  study are whether one can expect 
measurable penetration of minerals through the skin after only a short 
(30-60 minutes) bathing 1n a sa lt  solution?, and so 1s there any difference 
In penetration between psoriatic  and healthy human skin?
As to the f i r s t  question, there are varying views regarding the 
lag-time needed fo r 1on1c species to penetrate into the c ircu lation. 
According to Tregear (1966a,b), ^N a, ^ B r  and ^ P  begin to penetrate the 
skin within 10 minutes of their applicat1on“and dynamic equilibrium 1s 
reached by 50 minutes. Our study 1n guinea-pigs demonstrate that a fter 60 
minutes of bathing the whole body in the sa lt  solution, and having a 
sensitive  measurement system (radioisotopic counting), the concentration of 
the various elements 1n blood and body tissues could be measured with high 
accuracy and r e lia b il i t y  (Robberecht et i l ,  1982).
This study also demonstrates that penetration of Dead-Sea minerals 
via psoriatic  skin is  more profound than through a healthy skin (Table 1).
I t  is  well established from c lin ic a l experience that absorption is  
increased through damaged skin, and that a skin injury comparable to eczema
is  most simply induced experimentally by stripping (Tregear, 1962). We 
believe that 1n the psoriatic  skin, with it s  abnormal cap illary.d ilatation  
and damaged stratum cornôum, penetration rates are higher because of the 
partia l lack of protection of the damaged stratum comeum. An additional 
factor which enhances m inerals' penetration into the psoriatic  skin is  the 
frequent use by the patients of a keratolytic ointment ( i.e . - sa lic y lic  
acid 3-5*) and vaselin. The la tte r base is  known to increase the 
permeability of the stratum corneum 4 to 5 fold, as 1t can then take 4 
times It s  weight o f water (Blank & Scheuplein, 1969).
Permeability of the skin 1n different mammalian species varies 
remarkably (Van 0111a, Tregear, 1966a. The differences between the human 
and animal skin is  paralleled b^ the differences in the ir e lectrical 
conductance, but the difference in permeability between the various ions 1n 
the same species 1s not s ign ifican t (Tregear, 1966a). I f  any 
generalization is  at a ll  possible, 1t would seem that human skin 1s more 
Impermeable then the skin of a mouse or a guinea-pig, and that guinea-pig 
skin may in some cases serve as useful approximation to human skin testing  
i t s  permeability (Wahlberg, 1968a; Scheuplein & Blank, 1971). This is  the 
reason why, 1n our studies, absorption through guinea-pig skin was measured 
by radionuclides, but penetration of the Dead-Sea minerals through human 
healthy and p soria tic  skin was measured by non-radioactive methods - XRF 
and atomic absorption. At worse, the penetration of Dead-Sea minerals 
through gu1nea-p1g skin w ill be an overestimation of what is  occuring under 
s im ila r  conditions 1n the human.
In a series of papers Dubarry demonstrated (Dubarry et a l,  1971,
1972; Tamarelle 4 Dubarry, 1972) that the maximum penetration of the ions 
through skin was observed when the solute had low sa lt  rather than high
s a lt ,  end that the more concentrated the external solution 1s, the less 
penetrable through the skin are the Ions soluble 1n It .  S ign ifican tly  le ss  
*31I penetrated the skin from a 30Ï NaCl solution than from 3% or 1% NaCl 
solutions, but the amount which penetrated was s t i l l  measurable In a ll 
three concentrations. Sim ilar experiments were carried out by Glberton and 
Cohen (1970).
Extensive studies on th is aspect were carried out by Wahlberg et al
51
since 1962. These authors noted that the relative absorption of Cr 
through the gu1nea-p1g skin Increased with Increasing chromium 
concentration to a maximal absorption of 4X, and when the concentration was 
further Increased, the absorption decreased to about 1Ï. The absolute 
absorption also Increased with Increasing chromium concentration, but at a
certain concentration a plateau was obtained (Wahlberg & Skog, 1963;
89
Wahlberg, 1968a). The same finding was confirmed la ter for SrC l2 
(Wahlberg, 1968b) : a relative absorption of about 3 Ï and an Increase In  
absolute absorption with Increasing concentration. Wahlberg a lso  showed 
that the absorption of ®^SrC12 was of the same order of magnitude as that 
observed for other metal elements prev ious^  studied, and 1t seems that the 
same applies to the various elements of the Dead-Sea (Wahlberg, 1973; 
Wahlberg & Skog, 1963).
In conclusion, Inasmuch as Ions do penetrate the human skin, the ir  
absolute penetration values after bathing in the Dead-Sea brine are low.
Our previous paper (Shanl et a l,  1982) describes higher concentration o f  
bromine 1n skin of Dead-Sea workers ana in psoriatic patients a fter a 
longer stay on the Dead-Sea shore. We suggest that th is  element a lso  
enters the body through breathing and drinking. The quantities of other 
elements that penetrate are apparently too low to be measured or to induce 
a pharmacological effect. I t  also seems reasonable to conclude that
psoria tic  skin is  more penetrable to most elements, and that some 
penetration may occur even i f  diluted Dead-Sea waters (i.e . - various 
conentrations of the Dead-Sea bath-salt solutions) are used. The optimal 
concentration of these sa lt  solutions, and the length of time for bathing
V
in them to Insure maximal absorption and penetration through the human skin 
are s t i l l  to be investigated.
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SUMMARY
Erythrocyte selenium-dependent glutathione peroxidase ac tiv ity  was measured 
1n p soriatic  Danes, before and after their four-week balneological therapy 
at the E1n-Bokek International Psoriasis Treatment Center, on the Dead-Sea 
shore 1n Israe l. The drinking water 1n E1n-Bokek was found to be rich 1n 
selenium, a trace element with ant1carc1nogen1c properties and of great 
Importance 1n human nutrition  and health. The most re liab le  b io logical 
parameter for Increase 1n selenium b1oava1lab1Hty 1s the erythrocytes' 
glutathione-peroxidase ac tiv ity . As p soria sis  1s a pro liferative  skin 
disease, the a c t iv ity  of th is  enzyme was assayed 1n 35 psoriatic Danes and 
1n 25 long-term local hotel workers, as well as 1n 34 volunteers drinking 
low-selen1um water. The glutathione peroxidase ac tiv ity  1n the psoriatic  
patients Increased s ig n if ic a n t ly  during the ir four-week stay 1n E1n-Bokek. 
Erythrocyte glutathione peroxidase activ ity  1n the hotel workèrs was 50X 
higher than that 1n the healthy volunteers consuming low-selen1um water. A 
possible role of selenium 1n p soria sis  1s suggested.
0031-6989/85/050479-10/J03.00/0 e 1985 The Italian Pharmacological Society
INTRODUCTION
Selenium 1s a trace element which 1s essential for human nutrition and 
health. I t  1s h ighly homeostatlcally regulated 1n the body at a range of 
100-300 ppb whole blood, with an acceptable dally  requirement of 0.05-0.2 
mg, deriving mostly from so lid  food and water Intake. Apparently, waters 
rarely contain selenium at levels above a few ^ /1  (ppb), and are not 
generally considered a s ign ifican t source of the element from either a 
nutritional or a toxicological viewpoint. The present American standard 
fo r  drinking water set by the US Food and Nutrition Board is  10 ppb as the 
upper acceptable lim it  (Selenium, 1976). These standards are set with the 
understanding that the b lo ava ilab illty  of the element Is  the c r it ic a l
»
factor In I t s  exerting a physiological effect.
i
The only fu lly  documented physiological role of selenium In mammals 
1s 1n the enzyme glutathione peroxidase, which plays a role in protection
!
from I1p1d peroxide-initiated damage of tissues. In th is  enzyme selenium 
ex ists  as a spec ific  selenocysteine residue, being inserted into the enzyme 
residue via a post-translational mechanism. Selenium deficiency leads to 
decreased a c t iv ity  of glutathione peroxidase, which para lle ls  it s  c lin ic a l 
deficiency symptoms, e.g. white muscle disease, cardiomyopathy, oxidative 
d iathesis, in fe r t i l i t y  in sheep, sudden death in p ig le ts, etc. Selenium 
supplementation elevates glutathione peroxidase ac tiv ity  and is  beneficial 
1n children with Kwashiorkor and Keshan disease and in adults with muscular 
complaints. I t  has been shown to produce a favorable response in . 
erythrocyte glutathione peroxidase activ ity  in neuronal lipo fuscinosis  
(Kasperek et a l,  1980), to normalize enzyme activ ity  and erythrocyte 
formation in anemia (perona et a l,  1973), to prevent heart diseases and to 
delay carcinogenesis 1n humans (G r iff in , 1982). In American regions with 
high selenium water leve ls, lower cancer m ortality was observed 
fo r both male and females, and 1n Canadian provinces with high selenium
leve ls, lower age-adjusted rates for gastrointestinal cancer have been 
observed (Shamberger et a l,  1974). —
Over a period of years many thousands of psorlatics have been treated 
at the IPTC balneological c lin ic  at E1n-Bokek, on the Dead-Sea shore in  
Is rae l,  for th is  benign pro liferative  disease. Due to the high outdoor 
temperatures they consume many lite r s  dally  of water which contains high 
leve ls of selenium. Estimation of erythrocyte glutathione peroxidase 
ac tiv ity  has been shown to be the best parameter for investigating  
selenium-related nutritional and health states in mammals, especia lly  as I t  
Increases as a function of dietary selenium (Smith et a l,  1974). We 
therefore decided to study the elevation 1n erythrocyte glutathione 
peroxidase leve ls 1n these patients and to attempt to correlate 1t with the 
Improvement 1n the ir p so ria tic  state.
MATERIALS AND METHODS
This study includes two types of assay: (a) erythrocyte glutathione 
peroxidase a c t iv ity  1n three groups of volunteers; and (b) determination of 
selenium concentration In thirteen Is ra e li hot spas and drinking waters, 
with special emphasis on the levels o f selenium 1n the water at the 
E1n-Bokek hotels and the IPTC c lin ic ,  and 1n It s  geological sources.
Assay of erythrocyte glutathione peroxidase a c tiv ity  was performed In  
three groups of volunteers: 35 psoriatic  Danes who came In June 1982 to 
the International P so ria sis  Treatment Center (IPTC) at E1n-Bokek, fo r  
clImato-therapy of chelr severe psoriatic  condition. The group consisted  
of 16 male and 19 female patients, aged 24-62 years, for whom 
clImato-therapy at the Dead-Sea was prescribed Instead of hospital1zat1on. 
Blood was withdrawn from each patient twice: within 24 hours o f a rr iva l at 
E1n-Bokek (p rio r to the ir f i r s t  bath 1n the Dead Sea) and on the la s t  day 
of the ir 4-week stay, upon termination of the ir treatment.
In addition, ?.8 healthy permanent workers 1n the E1n-Bokek hotels who 
had been liv in g  on the premises for at least 9 months, were studied. Blood 
was taken from them only once. The third group consisted of 34 healthy 
Jerusalemites, working 1n the Hadassah Medical Center for at least 9 
months. The d istribu tion  of sex and age 1n a ll  three groups was s im ilar.
In accordance with the Helsinki Treaty, a ll  volunteers were given an 
explanation of the experiment, and their consent obtained. Blood samples 
were withdrawn after cleaning the cuboidal area with water and then with 
70° ethanol. The fresh heparinized venous blood samples were transferred  
1n Ice-boxes to Jerusalem, and within 2-3 hours after co llection  were 
filte red  through a SE-cellulose-Sephadex G-25 mixture, devlced by Nakao et 
al (1973) fo r separation of the erythrocytes from the leukocytes and 
p late lets, which remained 1n the column. The erythrocytes were lyzed by 
d ilu tion  with saline (0.1 ml packed ce lls  plus 2.4 ml saline) and assayed 
for glutathione peroxidase a c tiv ity  at 37°C according to the method of 
Bentler (1975) using t-butyl-hydroxyperoxide (TBH) as substrate. The 
reaction was carried out 1n a spectrophotometer, the decrease 1n 0D being 
followed at 340 nm fo r 7 minutes. Results were expressed in international 
units per gram of hemoglobin 1n erythrocytes. Hemoglobin concentration was 
measured 1n d ilute ammonia solution, according to Anderson et al (1975). 
S ta t is t ic a l comparison of enzyme ac tiv ity  between groups of subjects was 
performed by the Student's " t "  test.
Determinations of selenium concentVations in the spas and drinking 
waters along the Syrian-African r i f t  were carried oi't using 
energy-dispersive X-ray fluorescense spectrometry, according to Robberecht 
and Van Grieken (1980). Suspended selenium was determined d ire c tly  a fter  
f ilt r a t io n  through a nucleopore membrane. The dissolved selenium was 
assessed after reduction to elemental selenium, followed by absorption on 
activated carbon and f ilt r a t io n .  Thirteen water samples were collected
along the Dead-Sea and along shores of the Sea of Galilee, and one water 
sample was taken in Jerusalem. When i t  was noted that the sample taken 
from the water-pipe leading to the E1n-Bokek hotels, contained over 25 ppb 
of total selenium, assays of th is  water and of the Jerusalem water for 
selenium were repeated. The Ein-Bokek water comes from a small pool in a 
CaCOj rock formation, fed by eight small springs. The water output of two 
of these springs was too low to be sampled.
RESULTS
Table 1 presents selenium levels in both soluble and suspended forms, from 
13 different spa waters in Israe l, as well as from five  water samples taken
Table 1. Selenium concentration in different spa waters in Israe l.
Sample
No.
Location Selenium
Dissolved
Suspended Material 
mq/1
1 Tiberias Hot Springs (62°C) 1.20 0.05 0.49
2 Ein-Nun (Yarmuk Canyon) 1.76 0.01 1.01
3 Hammat-Gader Springs 2.20 0.07 1.66
4 E1n-Ged1 Waterfall 2.80 0.09 1.44
5 Ein-Bokek (Dead-Sea) 0.65 0.60 UnfUterable
6 Hammey-Zohar (High su lfur) 0.07 0.06 1.10
7 Pipe Supplying Ein-Bokek Hotels 25.0 0.04 0.81
8 Dead-Sea (Moriah Hotel) 0.91 0.80 U na lterab le
9 Natural Mineral Spring (Katzrln) 1.67 0.04 0.98
10 Kommemiuth Drinking Water 1.48 0.04 3.38
11 Kabrl Pumping Station 1.75 0.04 3.08
1? E1n-Nou1t Spring 0.27 0.04 1.28
13 Neve-Zohar Spring 0.54 0.08 —
14 Jerusalem Drinking Water a 0.54 0.05 ■o
15 Jerusalem Drinking Water b 0.35 0.04 0
16 Jerusalem Drinking Water c 0.42 0.04 0
17 Jerusalem Drinking Water d 0.66 0.04 0
18 Jerusalem Drinking Water e 0.48 0.05 0
Table 2. Selenium concentration in the water pipe and it s sources.
Sample
No.
Location Dissolved Selenium W TTotal /Se+4
7 Pipe behind the hotels 25.03 0.04
19 Pipe behind the hotels 28.43 0.06
20 Pipe behind the hotels 26.77 0.07
21 Pipe behind the hotels 26.95 0.09
22 Pipe behind the hotels 31.09 0.04
23 Pipe behind the hotels 29.02 0.04
24 Pipe behind the hotels 29.10 0.04
25 Pipe behind the hotels 29.04 0.04
26 Pipe behind the hotels 28.80 0.04
27 Source 2 25.54 0.38
28 Source 3 25.97 . 0.14
29 Source 5 26.68 0.32
30 Source 6 21.37 0.05
31 Source 7 24.59 0.04
32 Source 8 23.27 0.04
Table 3. Erythrocyte glutathione peroxidase ac tiv ity  (MeamSEM) in 
psoriatic  Danes before and after 4-weeks climato-therapy at the Dead-Sea, 
and 1n healthy volunteers drinking h1gh-se1en1um (hotel workers) or 
low-selenium (Jerusalem workers) waters.
Group
No.
n Group Description Glutathione Peroxidase 
Activ ity  I.U ./q Hb
• P <
1 35 Psoriatic  Danes before therapy 25.8H.1 "I
2 35 Psoriatic  Danes after therapy 32.O il.3 J
0.001
3 28 Healthy Hotel Workers 40.912.5
4 34 Healthy Workers in Jerusalem 26.811.8 J
0.001
in the Hadassah Medical Center in Jerusalem. In th is assay, values for 
tetravalent selenium below 0.05 ppb are not considered s ta t is t ic a l ly  
meaningful.
In each of the s ix  Ein-Bokek water sources sampled, the selenium 
level resembled that in the pipe It s e l f ,  as shown 1n Table 2. This table 
also gives selenium values 1n the pipe-water at various months and at 
various points along the f a c i l i t y ,  e.g. at the reservoir outlet (Sample 
23), at the softner outlet (Sample 25) and at the softner in le t (Sample 
26). A ll these samples had a very sim ilar content of total selenium.
The erythrocyte glutathione peroxidase ac tiv it ie s  of the various 
groups are presented in Table 3. The enzyme's activ ity  1n the psoriatic  
Danes' erythrocytes increased 20% during the ir 4-week stay in Ein-Bokek, 
d iffe rin g  s ig n if ic a n t ly  (p<0.001) from their enzyme levels upon arrival 1n 
the IPTC c lin ic .  The erythrocyte levels of glutathione peroxidase in the 
healthy hotel workers, who had drunk the selenium-rich water for 9 months 
to 10 years, were 50% higher than those of the Jerusalemites drinking 
low-selen1um water. As the erythrocyte-enzyme levels of the psoriatic  
Danes on arriva l were identical to those in the healthy Jerusalem 
volunteers, one could compare the two experimental group-pairs and conclude 
that the erythrocyte glutathione peroxidase activ ity  in the hote l's  
workers, drinking h1gh-selen1um waters for an average of over 2 years was 
s ig n if ic a n t ly  higher than that of the Danish psoriatics, who drank the same 
high-selenium waters fo r only 4 weeks. The correlation between the., 
psoria tic  Danes' increase in enzyme-activity and the c lin ic a l Improvement 
of the ir p so ria tic  condition as judged by disappearing of the plaques, was 
remarkable, having a correlation coefficient of 0.97. The two patients 
with the lowest Ind ividual Increases 1n their glutathione peroxidase 
a c t iv ity  had only "p a r t ia l"  c lin ic a l improvement.
DISCUSSION
Dietary selenium Intake correlates with selenium concentration 1n whole 
blood and erythrocytes (Smith et a l,  1974). Due to differences regional 
selenium a v a ila b ility  -  human blood selenium values vary from 0.068 ffi/ml 
1n New Zealand, to 1.5 J^ g/ml 1n certain high-selenium regions of Venezuela. 
The la tte r value translates Into a d a lly  dietary adult uptake of about
0.5 mg. A da lly  diet of 45 fig selenium 1s su ffic ien t to normalize the 
ac tiv ity  of erythrocyte glutathione peroxidase. When selenium 
supplementations of 0.45 ppm 1n food and additional 0.5 ppm 1n water were 
given to mice developing spontaneous adenocarcinomas, they remained 
tumor-free for much longer periods than the non-supplemented controls, 1.e. 
selenium supplementation lowered the probability  of cancer development and 
delayed I t s  appearance (Burk et a l,  1968). Moreover, d ifferent authors 
suggested a strik ing  inh ib itory e ffect of dietary selenium 1n animals 
against a variety of carcinogens, and i t s  a b ility  to retard the growth of 
certain chemically-induced transplanted or spontaneous tumors 1n animals 
(R iley, 1968). This led us to search for a possible correlation between 
the high water-selenium Intake of p so ria tic s  and the c lin ic a l improvement 
of the ir pro liferative  condition.
There are reports correlating blood selenium concentration and 
glutathione peroxidase a c tiv ity  in sheep, cows, pigs and humans (Thomson, 
1977), suggesting that plasma and/or erythrocyte glutathione peroxidase 
ac tiv ity  may serve as a useful Index of selenium Intake (Chow and Tappel, 
1974; Burk, 1976; Rudolph and Wong, 1978). Such a correlation was 
established for a wide range of selenium concentrations (Lane et a l,  1981). 
In a comprehensive study 1n p igs, a h ighly s ign ifican t correlation was 
noticed between blood selenium and glutathione peroxidase a c tiv ity ,  
suggesting that "selenium glutathione peroxidase exhibited an excellent
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on information obtained from the countries concer­
ned (for trace metals, PCBs and lindane). For the 
contaminants which are not included in the report of 
the Conference, the total fluxes are estimated on the 
basis of data on the total loading through the Rhine 
and the Meuse (Folkertsma, 1989). The authors point 
out, however, that the values calculated in this way can 
only serve as an indication of the order of magnitude. 
For instance, for the volatile substances like chlorina­
ted hydrocarbons the estimates may well be too high, 
because they will partly have volatilized from the 
riverwater before it reaches the North Sea. Also, the 
contamination of the water entering the North Sea 
from the English Channel, the Baltic Sea and the 
North Atlantic is not included in the estimates. And 
the river catchment areas are also subject to atmo­
spheric deposition (Warmenhoven e t  a l ,  1989). In 
Table 12 the estimates for non-atmospheric depos­
ition of metals and organic compounds are given.
By comparing the non-atmospheric input to the 
atmospheric input fluxes we discussed earlier in this 
paper, it is possible to get an idea of the relative 
importance of both pathways for the input of pollu­
tants to the North Sea. In Table 13 we compare the 
non-atmospheric values to measured and model at­
mospheric input values, respectively. We used the 
values calculated by the model of Warmenhoven e t  a l. 
(1989) and flux values measured by Otten (1991) for 
Cd, Cu, Pb and Zn; by PARCOM (1987) for Cr 
andHg and by GESAMP (1989) for the organic com­
pounds except PAHs. Although the percentages do 
not agree very well (which is not surprising, as the 
values for the atmospheric fluxes estimated by models 
and measurements do not agree either, and are never­
theless compared to the same non-atmospheric input 
values) the most important pathway for each com­
pound seems the same for measurements and model, 
except for Cd. From Table 13 we can deduce that the 
non-atmospheric route is significantly more import­
ant for Cr, Cu, Hg and Zn. This trend is much less 
clear for Pb. For the organic compounds, things are
the other way around: PCBs and y-HCH are primar­
ily deposited by the atmosphere, while for PAHs the 
contribution seems to be of equal importance.
GESAMP (1989) notes that for particulate trace 
elements the major source is usually the rivers. How­
ever, particulate riverine material is likely to be depos­
ited close to the source regions, while atmospheric 
input can easily occur to remote oceanic areas. Still, 
according to the GESAMP report, the global atmo­
spheric and riverine inputs are comparable for dis­
solved Cu, while for Zn and Cd atmospheric inputs 
appear to dominate. The atmospheric input of Pb is 
expected to decrease over the next decade, due to the 
growing use of unleaded gasoline. Martin e t  a l. (1989) 
state that the atmospheric input to the Mediterranean 
Sea is predominant over the river input, either dis­
solved or particulate. For organic contaminants as 
well, the riverine flux may influence only the near­
shore areas, while atmospheric input is supposed to 
have a much wider impact over regional seas 
(GESAMP, 1989). HCHs are estimated to be depos­
ited to regional seas mainly via atmospheric inputs, 
while for other organochlorine compounds the rive­
rine input may well be equal to or even exceed the 
atmospheric flux.
However, it must be emphasized that the accuracy 
of the estimations of both the atmospheric and non- 
atmospheric input sources is still very poor (especially 
for organic compounds). Thus the reliability of the 
comparison of both pathways is very uncertain.
6. CONCLUSION
It is obvious that current knowledge about the wet 
deposition of micropollutants to the North Sea is 
insufficient. For the trace metals which were dealt 
with in this paper, the situation is relatively favour­
able, although a number of specific problems like the 
lack of accurate washout ratios for the North Sea area 
or the contribution of resuspension to the observed 
pollutant concentrations still have to be solved. Also,
representative for the whole of the North Sea. The 
authors find a strong argument in the lifetime of 
clouds which is not more than a few hours for a 
precipitating one: in this way most of the pollutant 
material is likely to be washed out within about 
100 km from the coast. Their model simulations (and 
those by van Jaarsveld e t  a l. (1986)) reveal a sub­
stantial decrease of the deposition across the southern 
and western coasts. Van Jaarsveld e t  a l. (1986) state 
that the discrepancy might partly be due to less 
accurate sampling and analysis of rainwater as well. 
However, in Table 12 we included input values calcu­
lated from airborne concentration measurements per­
formed during flights over the North Sea itself (Otten, 
1991), and the difference between these values and 
those calculated by the models remains large.
Because the PAH values reported by van Aalst e t  
a l. (1983) have a very wide range, it is almost imposs­
ible to compare them with the model value. Model 
PCB and y-HCH values appear to be higher than 
measured values, but this trend is not very reliable 
because of the large uncertainties for both input 
values.
4.3. V a lid a t io n  o f  th e  m o d e ls
Van Jaarsveld e t  a l. (1986) note that there are some 
assumptions inherent to their model, which do not 
agree with reality very well. For instance, it is not 
correct to assume that transport and dispersion over 
sea are analogous to those over land. The stability 
over sea is mainly determined by the temperature 
difference between the air and the seawater, and 
shows hardly any diurnal variation. Also, in the coas­
tal zone complicated transition phenomena occur, 
which are not accounted for in the model. However, 
the authors do not think that a more realistic model 
would yield largely different results.
Krell and Roeckner (1988) had difficulties in valida­
ting their model because of the lack of comparison 
material for the North Sea. Therefore, they were 
obliged to simulate air and precipitation concentra­
tions at certain sites and for certain periods (e.g. a 
month) for which measurements were made, and their 
results agreed fairly well with the measured values.
Warmenhoven e t  a l. (1989) estimate that the results 
concerning the heavy metal deposition are the most 
reliable ones. For Hg, however, the deposition para­
meters are insufficiently founded and the contribution 
of the background concentration may be con­
siderable. As far as the organic compounds go, the 
calculated values of the total deposition into the 
North Sea of PAHs, PCBs and y-HCH are probably 
reasonably reliable. For chlorohydrocarbons the situ­
ation is worse: the emission data used are not up to 
date, nor well established, and the deposition para­
meters are also not well founded. Additionally, if we 
take into consideration that the background concen­
trations could be quite high, we have to conclude that 
these results can only be seen as rough estimates.
In general, the validity of this model is mainly
governed by (i) the quality of the emission data and 
(ii) the choice of the emission grid (because some 
materials are that stable in the atmosphere, that a 
much larger emission area should be taken into con­
sideration). As a result of this, the real deposition of 
these compounds should be higher than predicted by 
the model, especially for organochlorines, PAHs and 
Hg. Finally, the assumption that the North Sea is a 
well-mixed tank without any inflow or outflow except 
from rivers (and the atmosphere), has an influence on 
the deposition estimates. In this concept the contribu­
tion of atmospheric deposition would increase when 
the size of the North Sea used in the model is in­
creased. Therefore, it would be more realistic to in­
clude the dynamics of the North Sea in the model.
5. RELATIVE CONTRIBUTION OF ATMOSPHERIC 
DEPOSITION OF MICROPOLLUTANTS TO THE TOTAL 
INPUT INTO THE NORTH SEA
Apart from atmospheric pollution, the North Sea is 
subject to a number of other sources of pollution as 
well (van Aalst e t  a l ,  1983): e.g. input via rivers, direct 
discharges from industries into the estuaries, dumping 
of industrial wastes, dredging sludge and sewage 
sludge, and drainage of sewage. It is very difficult to 
evaluate the relative importance of the various input 
sources as most input estimates are subject to con­
siderable uncertainty arising from analytical and sam­
pling problems. Moreover, the actual quantity of 
pollutants entering the North Sea will vary from year 
to year, depending on factors like natural variations in 
river flows and water exchange with adjacent sea areas, 
economic variations (industrial expansion and reor­
ganization, large strikes), changing legislation (emis­
sion and dumping restrictions), atmospheric condi­
tions (wind flow patterns, rainfall intensity) and un­
foreseen circumstances (accidents) (Otten, 1991).
Although in a number of publications estimates of 
the non-atmospheric input are given (e.g. Cambray e t  
a l ,  1979; van Aalst e t  a l ,  1983; ATMOS, 1984), we 
chose to use the recent data as given by Warmen­
hoven e t  a l. (1989). They use the figures reported 
during the Second International Conference on the
Table 12. Total input into the N orth Sea by non-atmo- 
spheric sources (the input of water from the English Channel, 
the Baltic Sea and the North Atlantic is not included) in 
tons y r-1 (for references see text)
Pollutant Input
Cd 95
Cr 4000
Cu 2800
Pb 3500
Hg 1200
Zn 17,000
PAHs 91
PCBs 3
y-HCH 3
AE(A) 27:16-0
The same report also mentions the important depo­
sition mechanisms for some pesticides. Wet depos­
ition by the uptake of gas is of major importance for 
HCHs and to a lesser degree for dieldrin and DDT. 
For HCB, dieldrin, DDT and a-HCH dry gaseous 
deposition is especially important. And finally, wet 
deposition of DDT and DDE particles is relatively 
high as well.
4. WET FLUX MODELS
An alternative way of determining the deposition of 
micropollutants from the atmosphere to the sea in­
volves atmospheric transport models. Basically, one 
uses emission data for a certain source area (e.g. 
Europe) in combination with a long range transport 
model (which requires a number of input data) to 
simulate the dispersion and deposition of a substance 
for a determined receptor area (e.g. the North Sea).
In this section the results of calculations performed 
using relatively recent models which have been appli­
ed to the calculation of the (total) deposition of heavy 
metals and/or organic compounds to the North Sea 
will be discussed and compared to the values obtained 
from field measurements.
The TREND model was developed at the Dutch 
National Institute of Public Health and Environ­
mental Protection in order to calculate long term 
averaged concentrations and depositions (van Jaar­
sveld e t  a l ,  1986). It is a statistical long-range version 
of the Gaussian plume model. The occurring meteoro­
logical situations are grouped in a limited number of 
classes and the calculations are carried out separately 
for five size classes from <  0.95 p m  to >  20 p m , each 
of which has its own deposition characteristics. This 
model has been successfully applied to a period of a 
month, but even shorter periods yielded reasonable 
results. The model of Krell and Roeckner (1988) was 
developed in order to estimate the dry and wet depos­
ition of lead and cadmium into the North sea. Krell 
and Roeckner use a three-dimensional stochastic 
model to calculate the transport of trace metals in the 
atmosphere. The input of Pb and Cd is simulated with
a long-range transport model using gridded data of 
the respective anthropogenic emissions in Europe and 
the relevant meteorological data (Krell and Roeckner, 
1988), Krell and Roeckner’s model is designed for 
episode studies particularly. The model of Grafll e t a l. 
(1989) is very similar to the model of Krell and 
Roeckner. The model of Warmenhoven e t  a l. (1989) is 
in fact an elaborated version of the van Jaarsveld 
model, but instead of applying it to trace metals solely, 
a number of organic compounds like PAHs, PCBs, 
pesticides, etc. were also taken into consideration 
(Warmenhoven e t  a l ,  1989).
4.1. L ite r a tu r e  d a ta  o n  th e  d e p o s i t io n  f lu x e s  o f  
m ic r o p o llu ta n ts  b a s e d  o n  m o d e l  c a lc u la t io n s
The total atmospheric input of nine pollutants into 
the North Sea (in tonsyr"1) is given in Table 11. The 
values were calculated with the models discussed in 
the previous section. A comparison between the res­
ults of the different models can only be made for trace 
metals as only Warmenhoven e t  a l. (1989) used their 
model to calculate the atmospheric input of organic 
micropollutants. The values obtained by the first three 
models were slightly adapted to the North Sea area 
considered in the study of Warmenhoven in order to 
be able to compare the figures. It is clear that the 
results agree well with each other. Taking into ac­
count that all models use more or less the same 
emission data, this agreement confirms the idea that 
the influence of the different model assumptions is not 
very large, at least not in the case of the total depos­
ition into the North Sea.
4.2. C o m p a r is o n  w ith  f i e ld  m e a s u r e m e n t d a ta
For trace elements, the model values are consistent­
ly lower than the values obtained from (extrapola­
tions of) measurements. Krell and Roeckner (1988) 
claim that this discrepancy can be explained as follow- 
s: the extrapolation of coastal measurements, on 
which most deposition estimates up until 1988 were 
based, cannot be justified, because there is no reason 
to believe that the high rainwater concentrations 
measured along the southern and western coasts are
Table 11. The total atmospheric input of micropollutants into the N orth Sea in tons yr 1
Pollutant v. Jaarsveld 
e t a l. (1986)
Krell and 
Roeckner (1988)
GraBl
e t  a l. (1989)
Warmenhoven 
e t  al. (1989)
“Field values”*
Cd 11 11 _ 15 186
Cr 58 — — 72 300-900
Cu 100 — — 110 1410
Pb 2000 1200 2300 1900 3390
Hg — — — 7 10-30
Zn 940 — — 930 7900
ZPAH — — — 83 50-1300
IP C B — — — 39 3.7
y-HCH — — — 36 17.6
* References: for Cd, Cu, Pb, Zn: O tten (1991)/for Cr, Hg: PARCOM (1987)/for PAHs: van 
Aalst e t a l. (1983)/for PCBs, y-HCH: GESAM P (1989).
ence is probably caused by different methodologies, 
which may have generated (too) high concentrations 
about a decade ago.
In a study by Swackhamer and Armstrong (1986) 
indications were found that the atmosphere is a “sink” 
as well as a source for PCBs. In this work estimations 
are made for the fluxes to and from Lake Michigan 
(U.S.A.), which are then compared to estimates for 
four remote Wisconsin lakes. In these remote lakes, 
volatilization back to the atmosphere was thought to 
account for more than 50% of the PCB losses from 
the lake. In a later report by Swackhamer e t  a l. (1988) 
the deposition and evaporation to and from Siskiwit 
Lake (a small lake on an island in Lake Superior 
(U.S.A.), that only receives atmospheric inputs) for 17 
PCB congeners was investigated. They observed that 
the removal of PCBs from the lake by volatilization 
made up for 65% of the total losses (so about twice 
as important as sedimentation). As far as the in- 
put/output scenario goes, the authors think that the 
input of PCBs occurs by intense and short precipit­
ation events, while the volatilization happens slowly 
and gradually, over a long period, under favourable 
weather conditions. This is confirmed by Murray and 
Andren (1992). It is concluded that the atmosphere 
may have been a major sink for PCBs in recent years. 
Therefore, the residence time for PCBs in the atmo­
sphere is likely to be much longer than expected.
Finally, Delbeke and Joiris (1988) investigated the 
geographical distribution of PCBs in the North Sea: 
high PCB levels were found in the Belgian coast zone 
decreasing with increasing distance from the coast 
(51-53°N) and close to the Dogger Bank (53-54°N) 
and low levels in the northern water masses 
(54-60°N). This gradient corresponds very well to the 
precipitation concentration values observed along the 
British coastline (Wells and Johnstone, 1978).
3.3.3. P e s t ic id e s . Some airborne concentrations of 
pesticides are displayed in Table 6, and in Table 7 the 
concentrations in precipitation are listed. The sites, 
sampling periods and other characteristics for the 
values reported by Eisenreich e t  a l. (1981), Bidleman 
e t  a l. (1987), the GESAMP report (1989) and Wells 
and Johnstone (1978) are similar to what is mentioned 
in our discussion on PCBs. Bidleman e t  a l. (1987) 
came up with Swedish concentrations in air for DDT, 
chlordane, HCB, a-HCH and y-HCH. For DDT it is 
suspected that residues in the atmosphere over nor­
thern Europe and the northern Atlantic are at least 
partially due to long-range transport from areas 
around the world, where it is still heavily used (e.g. 
Africa, the Middle East, India,...). Similarly to PCBs, 
Bidleman and Christensen (1979) concluded that the 
wet deposition of DDT occurs by scavenging of par­
ticles mainly. Although in Europe almost exclusively 
y-HCH is used, a-HCH concentrations exceed those 
of y-HCH in all samples, for which two explanations 
can be put forward (Bidleman e t  a l., 1987): long-range 
transport from countries where technical HCH is still 
applied and isomerization of y-HCH to a-HCH. This
latter phenomenon was observed by Oehme and 
Mano (1984), who compared the airborne concentra­
tions of organic pollutants over Norway and the 
Arctic, and by Lane e t  a l. (1992) as well. The photo­
isomerization of HCH isomers was studied in detail 
by Malaiyandi and Shah (1984): they demonstrated 
that both /J-HCH and y-HCH can be transformed in 
the presence of sunlight (and ferrous salts) to yield the 
a-isomer. Although a-HCH is thermodynamically not 
the most stable HCH-isomer, it certainly has the 
largest photochemical stability, which could possibly 
explain its persistence and observed enhanced levels 
in the atmosphere. a-HCH also shows a consistent 
temperature dependency, which suggests that temper­
ature-dependent re-emission or volatilization pro­
cesses could be a significant way to enter the 
atmosphere in areas far away from sources of anthro­
pogenic emissions (Lane e t  a l., 1992). In wintertime 
higher y-HCH air concentrations were observed by 
Oehme and Mano (1984). This can be explained by an 
increased photochemical transformation in the sum­
mer season and the fact that the use of lindane is 
mainly limited to the spring time. Van Aalst e t  a l. 
(1983) report briefly on the possibility that some 
pesticides (aldrin, dieldrin and DDT) may be photo- 
lysed into similar products. HCB showed no clear 
temperature dependence and was consistent in con­
centration over the period of a year (Lane, 1992).
Washout ratios for pesticides are represented in 
Table 8. Reinhardt and Wodarg (1989) deduce from 
their values for a-HCH and y-HCH measured at a 
lighthouse at Kiel Bight (Germany) that wet depos­
ition only accounts for a proportion of total depos­
ition. Lane e t  a l. (1992) detected neither the a-HCH 
nor the y-HCH in filtered particulate matter. This 
observation agrees very well with the fact that the 
vapour pressures and water solubilities of the HCHs 
are high enough to allow that they remain primarily 
as gases in the atmosphere or dissolved in water with 
rather small quantities sorbed onto particles 
(Bidleman, 1988; Hinckley and Bidleman, 1991).
According to Nakano e t  a l. (1990) chlordane exists 
for more than 95% in the vapor phase, just like PCBs. 
Bidleman and Christensen (1979) state that chlordane 
is inefficiently removed by rainfall or dry deposition, 
and that it should have a longer atmospheric lifetime 
than PCBs or DDT in the absence of other removal 
processes like photodegradation.
The mean annual input'of pesticides into the North 
Sea is estimated at 1.43 tons for DDT; 2.08 tons for 
total HCH and 0.27 tons for dieldrin (Wells and 
Johnstone, 1978). Also for the North Sea, van Aalst et 
al. (1983) estimated the total deposition of each com­
pound to lie within the following ranges (in tons yr" *): 
10-100 (for total HCH) and 2-22 (for total DDT). 
They point out that these values are very uncertain. In 
the GESAMP report (1989) the following values for 
the total atmospheric input into the North Sea are 
listed (in tonsyr ' 1): 10.4 (a-HCH); 17.6 (y-HCH); 0.9 
(DDT); 1.1 (dieldrin); 0.1 (chlordane) and 0.5 (HCB).
Table 10. XPCB for the used references
EPCB Wells and Bidleman and Eisenreich Bidleman e t  al. Duinker and GESAMP (1989)
Johnstone (1978) Christensen (1979) e t  a l. (1981) (1987) Bouchertall
(1989)
Aroclor 1016 
Aroclor 1242
(Not specified) + (Not specified) (Not specified)
60%
Aroclor 1254 
2,2', 5
+
+
40%
2,2', 4 +
2,3', 6 +
2,3', 5 +
2,2', 5,5' +
2,2', 4,5' +
2,2', 3,5' +
2,2', 4 ,5,5 ' +
2,2', 3,4', 5', 6 +
2,3', 4,4', 5 +
2,2', 4,4', 5,5' +
2,2', 3,4,4', 5' +
2,2', 3,3', 4', 5,6 +
2,2', 3,4,4', 5,5' +
compound under consideration. When PAHs are not 
revolatilized but—on the contrary—are adsorbed on 
particles or stay in solution, they may eventually 
reach the bed of the various water bodies and remain 
there stable for very long periods, in the absence of 
light and under anaerobic conditions.
3.3.2. P o ly c h lo r in a te d  b ip h e n y ls . In Table 6, two re­
ferences are included, which give airborne concentra­
tion values for PCBs, and they seem to differ by at 
least a factor of 4. However, the data were generated 
in completely different ways: the GESAMP (1989) 
value in Table 6 is estimated on the basis of available 
literature values like the concentration to use for the 
calculation of the deposition fluxes above the North 
Sea. On the other hand, Bidleman e t  a l. (1987) meas­
ured the occurrence of PCBs in the atmosphere of 
southern Sweden with sampling sites in Stockholm 
and Aspvreten (on the coast of the Baltic Sea). The 
vapour-to-particle ratio (V/P ratio) of PCBs was stud­
ied by Nakano e t  a l. (1990). More than 95% of the 
PCBs were found to exist in the vapour phase. The 
V/P ratio is dependent on the sampling temperature 
and vapour pressure for each compound, for each 
congener and for each isomer. Van Aalst e t  a l. (1983) 
estimated that presumably less than 15% of the PCBs 
occurs in the particulate form and if they do they are 
adsorbed on submicron aerosols particularly.
In Table 8 some washout ratios for PCBs are given. 
Duinker and Bouchertall (1989) determined W  values 
in their experiments, which were considerably larger 
than calculated gas phase-only ratios (calculated from 
Henry’s law constants), indicating that particles play a 
dominant role in determining the levels of PCBs in 
rain.
Wells and Johnstone (1978) performed precipit­
ation concentration measurements at seven stations 
at the eastern coastline of Great Britain. Three-mon­
thly samples were taken between June 1975 and May
1976. The results indicated a general increase in the 
observed PCB concentration from the most northerly 
station to the south. Duinker and Bouchertall (1989) 
analysed 14 PCB congeners in filtered air, particulates 
and rain, which were collected simultaneously in Kiel, 
Germany (western Baltic Sea). Large concentration 
differences for air and rain samples can be observed 
when the respective values for the individual samples 
are compared to each other (1 order of magnitude). In 
the filtered air the congeners with a low degree of 
chlorination were most abundant, while in rain and 
particles those with a high degree of chlorination 
dominated. Up to 99% of the total atmospheric con­
centrations of the most volatile congeners was found 
in the vapour phase. Nevertheless, although partic­
ulate PCBs only contributes about 1 or 2% to the 
total atmospheric concentration, Duinker and Bou­
chertall (1989) thought particle scavenging was the 
dominant source of PCBs in rain, which was also 
stated by Bidleman and Christensen (1979) and Mur­
ray and Andren (1992), who attributed this fact to 
their relatively high Henry’s law constants.
Wells and Johnstone (1978) estimated the mean 
annual input for the North Sea (area of 5.75 x 105) to 
be 1.91 tons for PCBs. For the same area, van Aalst e t  
a l. (1983) found a range of 10-160 tonsyr~‘ for the 
total deposition of PCBs and in GESAMP (1989) a 
value of 3.7 tons yr-1 was estimated. In this last 
report we find that the deposition mechanisms of 
PCBs are divided as follows: particle/dry 0.6%— 
particle/wet 22.8%—gas/dry 65.3%—gas/wet 11.3%. 
The total annual deposition to the Great Lakes was 
estimated at 20-150pgm~2 (Eisenreich et a l., 1981). 
Assuming an annual precipitation rate of
750 mm yr“ *, in the Great Lakes region, Murray and 
Andren (1992) calculated a wet flux of
2.6 p m  m~2 yr~ *, which is significantly lower than the 
value reported by Eisenreich e t  a l. (1981). This differ-
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masses originating from the same source area and 
concluded that the PAH concentrations can be re­
duced by 60% by particle scavenging during pre­
cipitation events.
Precipitation concentration values for two western 
European sampling locations are given in Table 7. At 
two locations in Belgium, Melsbroek (near Brussels) 
and Libramont (Belgian Ardennes), precipitation 
samples were taken daily and the occurrence of six 
PAHs (see Table 9) was investigated (Quaghebeur e t  
a i ,  1983). Maximum concentrations were found dur­
ing the winter months and they observed that in areas 
presumed to be almost free of pollution considerable 
quantities on PAHs can be determined. Georgii and 
Schmitt (1982) observed that the concentrations vary 
significantly among individual events: they are influ­
enced by meteorological factors like type of rainfall, 
air temperature and the length of the dry period which 
precedes the rain event. Nevertheless, the concentra­
tion pattern among the individual compounds 
remains strictly constant: it is not affected by meteoro­
logy or type and form of precipitation, but only 
influenced by the relative concentration of the differ­
ent compounds of the emission sources.
Van Aalst e t  a l. (1983) estimated for the total 
deposition of PAHs to the North Sea (area of 
525,000 km2 and precipitation rate of 685 mm yr"l) a 
value between 50 and 1300 tons yr-1, which is a 
rather large range. They emphasize the fact that they 
did not take into account any sea-to-air fluxes and 
that their values should be considered as maximum 
values. For lack of other flux values for the North Sea 
area, it might be interesting to compare van Aalst’s 
values to some reported fluxes for the Great Lakes 
area. McVeety and Hites (1988) calculated the wet flux 
to Siskiwit Lake for 11 compounds: it ranges from 
0.061 (for benzo[a]anthracene) to 0.54 ngcm~2yr-1 
(for phenanthrene). It should be noted that dry depos­
ition to the lake was found to be nine times more 
important for PAHs than wet deposition.
One should always be careful with the interpreta­
tion of measured or calculated fluxes of organic com­
pounds to regional seas. They may be overestimated, 
because it is possible that those bodies of water only 
serve as a temporary sink for the pollutants. Large, 
deep waters have the possibility to remove the organ­
ics from the surface layers by sedimentation or mixing 
with undersaturated waters. For shallow seas (e.g. the 
North Sea) or lakes this capacity is limited and they 
are likely to get rid of the excess of deposited material 
by revolatilization (GESAMP, 1989). For Siskiwit 
Lake, McVeety and Hites (1988) made an estimation 
of the mass balance for PAHs. For the most volatile 
congeners (phenanthrene and anthracene), approxim­
ately 80% of the input flux is revolatilized. As the 
vapour pressure of the congeners decreases with in­
creasing molecular weight, larger amounts of PAHs 
are removed by sedimentation. This means that—in 
general—for PAHs the magnitude of surface volatiliz­
ation is proportional to the vapour pressure of the
-
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Table 5. Washout ratios for trace metals
Cd Cr Cu Pb Zn Remarks References
125-500 150 140-751 76-169 179-1000 Literature range Sch roeder e t  al. (1987)
— — — — 1226 Value measured Jaffrezo and Colin (1988)
200-1000 — 200-1000 200-1000 200-1000 Range used GESAM P (1989)
150 — 150 150 150 Value used Otten e t a l. (1989a)
— 200-1280 60-3800 20-1350 280-11,500 Value measured (snow) Cadle e t a l. (1990)
3.3. D a ta  o n  o r g a n ic  c o m p o u n d s
In Tables 6, 7 and 8 some literature data on air­
borne concentrations, precipitation concentrations 
and washout ratios are presented for a number of 
organic substances. The information published on the 
occurrence and deposition of these compounds in the 
North Sea area is scarce, especially compared to the 
amount of publications on the Great Lakes area 
(U.S.A.) for instance.
3.3.1. P o ly c y c l i c  a r o m a t ic  h y d r o c a r b o n s  (PAHs). 
Table 6 shows some literature values for PAH concen­
trations in air. Very high air concentrations were 
observed at the Scandinavian coast during winter and 
(early) spring (Bjôrseth e t  a l ,  1979): the higher energy 
generation for house heating purposes in winter leads 
to higher amounts of pollutants being introduced into 
the atmosphere. Higher atmospheric PAH levels dur­
ing winter were also observed by several other authors 
(Leuenberger e t  a l ,  1988; McVeety and Hites, 1988; 
Escrivâ e t  a l ,  1991; Valerio and Pala, 1991). Also, air 
masses may be transported over very long distances 
(e.g. from central Europe) with very little dilution 
because of slower vertical mixing in cold weather. And 
finally, the UV-light intensity is lower during winter 
and hence the degradation of PAHs due to photo­
chemical processes should be lower as well (Bjôrseth e t  
a l ,  1979; Valerio and Pala, 1991). In this respect it is 
noteworthy that Suess (1976) states that there are 
basically two modes of PAH degradation: physical 
oxidation and biological reduction after uptake by 
aquatic organisms. Photochemical degradation by 
reaction with ozone and various oxidants is often cited 
as an important process to remove PAHs from the 
atmosphere (Suess, 1976; Pitts e t  a l ,  1978; Korfmacher 
e t  a l ,  1980; Kamens e t  a l ,  1988; Masclet e t  a l ,  1988; 
Valerio and Pala, 1991). Exposure to sun light can also 
be the cause of the formation of directly active mutag­
ens, when PAHs are exposed to ppm levels of gaseous 
components in photochemical smog (N 0 2, 0 3 and 
PAN) (Pitts e t  a l ,  1978). On the other hand, most of 
the year—because of the climate—the conditions for 
this kind of decomposition of PAHs over northern 
Europe and the North Sea are not very suitable. 
However, during laboratory experiments Butler and 
Crossley (1981) discovered that exposure of PAHs 
adsorbed on soot particles to ambient air converted 
the PAHs into nitro derivatives, even in the absence of 
photolysis and ozone. Also, evidence was found that 
for benzo(a)pyrene and anthracene adsorbed on fly
ash the principal degradation route is non-photo- 
chemical and that the presence of light is not really 
important. This implies that chemical transformation 
of these adsorbed PAHs in the atmosphere may 
be principally determined by thermal reactions (Kor­
fmacher e t  a l ,  1980).
In Table 6 a distinction is made between the gas 
phase and particulate concentrations of the Belgian 
samples. PAHs occur in both phases in the environ­
ment and their distribution depends on numerous 
factors. The gas/particle ratio varies with the molecu­
lar weight of the compound: the tricyclic compounds 
exist almost entirely in the gaseous form, while com­
pounds with five or more rings are entirely adsorbed 
on the particles. Furthermore, this ratio is influenced 
by temperature—lower temperatures give higher 
amounts of adsorbed PAHs on atmospheric partic­
ulate matter (Valerio and Pala, 1991)—and precipit­
ation events as well (see also Cautreels and Van 
Cauwenberghe, 1978).
As explained at the beginning of this section, it is 
possible to estimate the wet deposition flux of a 
certain compound using its atmospheric concentra­
tion and its washout ratio. In Table 8 some overall 
(gas + particle) PAH washout ratios are reported, 
though no literature values for the North Sea could be 
found. Generally, they are an order of magnitude 
larger for PAHs of M W < 202 (more volatile) than for 
PAHs of MW >202 (Ligocki e t  a l ,  1985). The increase 
in the W p values for compounds associated with 
larger particles and the overall magnitude of the 
measured scavenging ratios both led the authors to 
suggest a below-cloud removal mechanism. Also, 
when—for each compound—the particle washout ra­
tios are compared to the gas scavenging ratios (lFg) 
(ranging from 1500 to 18000), it becomes clear that 
gas scavenging dominates over particle scavenging for 
all PAHs of MW <252 (which means most PAHs). 
These observations are confirmed by Van Noort and 
Wondergem (1985), who found out that those com­
pounds, which are mainly present in the air on aero­
sols, occur in rain as a result of in-cloud scavenging; 
those PAHs which are mainly present in the gas phase 
on the other hand, enter rain as a result of below- 
cloud scavenging. Nevertheless, McVeety and Hites 
(1988) observed that the compounds which are found 
mainly in the gaseous phase, are not removed from 
the atmosphere as efficiently as those that are present 
as aerosols. Masclet e t  a l. (1988) followed two air
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based on sampling flights and were calculated using 
scavenging rates.
As far as the relative importance of dry and wet 
deposition goes, most authors seem to agree on the 
fact that, for the trace metals considered in this sec­
tion, the wet flux is more important than the dry flux, 
except perhaps for Pb, where some authors consider 
both fluxes to be of about the same magnitude. How­
ever, on the extent of this difference opinions vary 
very widely (Galloway e t  a i ,  1982; ATMOS, 1984; 
Schroeder e t  a i ,  1987; GESAMP, 1989; Martin e t  a i ,  
1989; Baeyens e t  a i ,  1990; Otten, 1991; Remoudaki e t  
a i ,  1991). Martin e t  a i  (1989) remark that the ratio of 
wet to dry deposition is controlled by many meteoro­
logical factors and also by the distance between the 
sampling site and the emission source (see also Migon 
e t  a i ,  1991; Remoudaki e t  a i ,  1991).
Whenever the deposition of micropollutants to a 
body of water is estimated, attention should be paid to 
the reverse fluxes (from the water to the atmosphere) 
as well. According to the ATMOS report (1984), for 
which the heavy metal content in the sea surface 
microlayer was determined, the maximum water-to- 
air fluxes are at least 30-times smaller than the total 
input fluxes. The authors of the GESAMP report 
(1989) state that, although the atmospheric concentra­
tions of trace metals associated with large (resuspen­
ded) sea salt particles constitute only a minor fraction 
of the total atmospheric concentration, this fraction 
may well account for a significant part of the gross dry 
deposition flux. This complicates the assessment of 
the “real” deposition fluxes to the sea.
For indirect estimations of the wet flux the washout 
ratio used in the calculations is of considerable im­
portance. In Table 5 some relatively recent values for 
trace metals are listed. They are—again—very diffi­
cult to compare. The values used in the GESAMP 
(1989) report and by Otten e t  a i  (1989a) are “best 
estimates” based on published washout ratios for 
trace metals above the North Sea. In the ATMOS 
report (1984) it is stated that values for Cu, Zn and Cd 
above the sea are up to 5-times larger than above land. 
Washout ratios for Hg were calculated for the cases 
where both the air and precipitation concentrations 
had been measured: Hglol r,in/Hgtot air values of 
103-104 were found (Lindqvist and Rodhe, 1985). If, 
on the other hand, only the water-soluble fraction of 
the gas phase or the particulate part of the airborne 
Hg is considered, W  is much more similar (105 and 
106, respectively) to the values for the other trace 
metals. It is concluded that the particulate Hg and the 
water-soluble gaseous forms probably contribute sig­
nificantly to the precipitation mercury content. In 
determining the flux of Hg from the atmosphere to the 
sea a difficulty may arise. Because mercury is such a 
volatile element, it is very well possible that a con­
siderable fraction of the deposited mercury is re­
emitted to the atmosphere very quickly before being 
actually incorporated into soil or water. This charac­
teristic may thus give rise to a kind of “counter-flux”.
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deposition depends on it. For instance, dissolved 
metals are much more readily available to be incorp­
orated by organisms. Flament e t  a l. (1984) investigated 
the metal distribution over the solid and liquid phases 
in rain at some French coastal sites. They found 
the following percentages of dissolved material: 
Pb (21-31%), Cd (53-78%), Cu (63-94%) and Zn 
(68-87%). Losno e t  a l. (1988) observed that Zn parti­
tioning is governed by adsorption/desorption pro­
cesses on existing particles, which are pH dependent. 
Nevertheless, Colin e t  a l. (1990) state that the nature of 
the particles is also important. Jickells e t  a l. (1992) 
conclude that the solubility of an element is the result 
of the complex interplay of several factors and cannot 
be simply assigned to one factor such as pH.
3.2.3. F lu x e s  t o  th e  N o r th  S e a . As explained at the 
beginning of this section the wet flux of trace metals 
can be estimated either directly or indirectly. Table 3 
contains the amount of material (in tons) which is 
deposited to the North Sea each year, while in Table 4 
a number of wet and total fluxes to the North Sea and 
its coasts are given. The total flux is the sum of the wet 
and the dry flux. In Table 3 the area considered to 
constitute the North Sea and the used value for the 
annual precipitation rate are included, as well as the 
method used (direct or indirect measurement). The 
first column in Table 4 is used to describe the area or 
sites the flux is calculated for.
It is very difficult to compare any data in Tables 3 
and 4, because the authors used different rainfall 
rates and methods, and because both total fluxes and 
wet fluxes are listed. Nevertheless, it is clear that the 
figures obtained by an indirect estimation of the flux 
are generally significantly lower than those obtained 
in a direct way. Also, most of these direct measure­
ments are the “oldest” values in the tables. This could 
mean that the fluxes calculated may have been over­
estimated due to sample contamination and analyt­
ical inaccuracy. In Table 3 the atmospheric flux re­
ported in the ATMOS report (1984) is seriously higher 
than the other total fluxes, except for lead. The range 
calculated by van Aalst e t  a l. (1983) is also relatively 
high but the other total flux values agree fairly well. 
The two wet deposition fluxes included in Table 3 
illustrate dramatically the impossibility to compare 
them. They were assessed at totally different points in 
time, with other methods and concentration measure­
ments to start from (coastal precipitation vs airborne 
concentrations, and even the area taken into consid­
eration is different). In Table 4 the fluxes to the coast 
of southern Norway (S&TWG, 1987) and of Scotland 
(Balls, 1989) are reported to be lower than the other 
coastal values. And for the North Sea itself the West- 
Hinder values are either relatively high (except for Pb) 
(ATMOS, 1984; Baeyens e t  a l ., 1990) or very low 
(Dedeurwaerder e t  a i ,  1985). The former authors both 
report that the wet flux to the North Sea is clearly 
higher than that to a Belgian coastal station for the 
metals considered in this paper. It should be noted 
that the input values reported by Otten (1991) are
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hand, the values of Jickells e t  a i  (1992) for Scottish 
snow and the wet-only values for Sweden (Ross, 1990) 
agree very well. The coastal values listed by van Aalst 
e t  a l. (1983) show rather large variations, probably 
because they were obtained by different operators 
using other sampling methods at different sites and 
over other time intervals. However, the lowest values 
of these ranges agree very well with the concentrations 
measured at the North Sea coasts of Norway (Pacyna 
e t  a i ,  1984a; S&TWG, 1987) and Scotland (Balls, 
1989), respectively. Ross (1987) observed that the 
concentrations in southern Sweden were higher and 
that the wet deposition fluxes were higher than the 
Swedish anthropogenic emissions, so a long range 
transport of the pollutants was postulated. Clearly, 
the southern North Sea concentration values included 
in Table 2 are very high compared to the coastal 
values. The inconsistency of those mentioned in the 
GESAMP report (1989) is ascribed to sampling prob­
lems (e.g. not all measurements were wet-only) and 
difficult analysis associated with this kind of measure­
ments. Also, at the West-Hinder station (and during 
several cruises) rainwater samples were collected (De- 
deurwaerder e t  a i ,  1985; Baeyens e t  a i ,  1990). Al­
though the sampling was done only when precipit­
ation occurred and precautions were taken to avoid 
contamination, the concentration values reported are 
very high compared to the other values in Table 2. 
However, most of the coastal concentrations were 
measured in comparatively remote regions, while the 
West-Hinder station is located near the Belgian coast. 
That may be—at least in part—an explanation for the 
observed differences. The results of the ATMOS re­
port (1984) point out that the heavy metal concentra­
tions in rainwater above the sea are higher than above 
land (this is the “maritime effect” as reported by 
Cambray (1975)). Cambray (1975) thought that the 
maritime effect was caused by bubble bursting pro­
cesses, which bring aerosols coming from an enriched 
sea surface layer into the atmosphere. However, Balls 
(1989) concluded on the basis of measurements of the 
enrichment factor in surface water that this process is 
not a significant contributor to the maritime effect. 
Possible alternative processes are thought to be en­
hanced solubility of the metals above the sea due to 
aging of the aerosols emitted by land based sources 
and/or different physico-chemical characteristics of 
rainwater above land and water (ATMOS, 1984).
Deposition by precipitation seems to be an import­
ant removal process for atmospheric Hg. Lindqvist 
and Rhode (1985) listed again a number of concentra­
tion values, determined throughout the world: they all 
lie in the range of 0.6 to 300ng<f_1 and the mean 
values can be situated between 1 and 80 ng if “ In 
their report, van Aalst e t  a i  (1983) cited one literature 
value of < 100 ng-/~1 for Hg in rainwater.
It is important to know whether a distinction can be 
made between the amount of a certain trace metal that 
reaches the surface of the earth in a dissolved or in a 
particulate form, because the direct impact of its
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areas in Table 1. The oldest data, supplied by Peirson 
e t  a l. (1973), Kretzschmar and Cosemans (1979) and 
van Aalst e t  a l. (1983) (who give a list of concentra­
tions measured between 1974 and 1981 at coastal 
stations in Great Britain, Belgium and The Nether­
lands), are generally higher than the other concentra­
tions in Table 1. The use of other—less accurate— 
techniques in those days may be a reason, but these 
values are also obtained from coastal or even inland 
measurements, i.e. closer to the emission sources. Van 
Daalen (1991) measured the concentrations of trace 
metals over the province of South-Holland in the 
Netherlands and although his sampling sites were not 
very far removed from the North Sea coast his data 
show clearly higher concentrations. The rest of the 
coastal values in Table 1 seem to agree very well 
though the Belgian ones are slightly higher. And when 
we consider the values reported for the North Sea 
itself, we can very well discern a concentration gra­
dient from the southern North Sea (high concentra­
tions) to the northern part (low concentrations). 
Baeyens and Dedeurwaerder (1991) collected their 
samples on board of the light vessel West-Hinder and 
during some cruises on board of several research 
vessels. An ATMOS report (1984) and Dedeurwaer­
der (1988) also give results of West-Hinder measure­
ments. The aircraft-measured concentrations of Otten 
e t  a l. (1989a) agree rather well for Cu and Pb with 
those of the R/V Belgica cruises (Otten e t  a i ,  1989b), 
but less for Zn. On the other hand, the Zn concentra­
tion is very comparable with the value reported by 
Baeyens and Dedeurwaerder (1991). The West-Hinder 
values are generally higher. The trace metal concen­
trations on the bottom line of Table 1 can be seen as 
background values for the area, predominantly based 
on measurements made in the northern part of the 
North Sea (during NW wind) but also on concentra­
tions measured at the border between the English 
Channel and the Atlantic Ocean (during SW wind).
Data on the airborne concentrations of Hg in the 
North Sea area are very scarce. In addition to the 
literature references which were included in Table 1, 
Lindqvist and Rhode (1985) listed (gaseous) Hg con­
centrations measured between 1974 and 1985 at vari­
ous places all over the world. The values range from 
0.6 to 300 ng m-3, while the mean values are in the 
range of 1.6 to 22.2 ngm"3. At remote/rural Eu­
ropean locations 2-3 n g m '3 was found in the sum­
mer and 4 ng m -  3 in the winter, while in urban air the 
concentrations are higher. Hg on particles constitutes 
only a small fraction of the total airborne Hg: at 
remote locations the average concentrations are 
normally below 0.1 ngm -3. This last value for par­
ticles corresponds very well to the <0.1 ng m-3 value 
reported by van Aalst e t  a l. (1983).
3.2.2. C o n c e n tr a t io n s  in  p r e c ip i ta t io n . It is obvious 
from Table 2 that the Swedish concentrations meas­
ured by Ross (1987 and 1990) are lower than those 
reported for The Netherlands (van Jaarsveld and 
Onderlinden, 1986; van Daalen, 1991). On the other
approximation is as follows
Fw = CpP
where the annual wet flux Fw is expressed as the 
product of the average rainwater concentration (Cp) 
and the yearly precipitation rate P . However, when 
one intends to estimate the wet deposition to a sea 
surface directly, some major difficulties arise. Practic­
ally, collection of atmospheric material by the rain 
water samplers should be avoided during dry periods 
(Ruijgrok e t  a l ,  1990), so wet-only samplers need to be 
used. Additional problems include sea-spray and con­
tamination or deterioration of the samples prior to or 
during analysis by sampling material and handling, 
particularly if one deals with trace amounts (Ross, 
1984; Buijsman e t  a l ,  1991). Also, questions can be 
asked about the statistical relevance of such direct 
measurements. Firstly, precipitation is a discontin­
uous process and secondly, there is a natural vari­
ability of the concentrations of trace substances in 
precipitation. This means that a large number of rain 
events must be covered before meaningful average wet 
fluxes can be obtained, which is expensive and time- 
consuming. Also, these measurements are very much 
determined by the sampling location and time, which 
is problematic if one wants to investigate the depos­
ition over a larger area and over a considerable period 
of time (Smith, 1991). For this reason, indirect ap­
proaches are often preferred. The limited amount of 
directly measured data is then used to check the 
results of these indirect approaches. For indirect 
measurements, the wet deposition flux of material to 
the ocean surface can be written as
Fw= B T C a
where Ca is the concentration of the substance in air, 
P  is the yearly precipitation rate and IF is the washout 
ratio—also called scavenging ratio—which is the 
ratio of the concentration of a substance in rainwater 
to the concentration of the same substance in air (both 
concentrations measured in (the same) volume units, 
e.g. pgm "3).
This equation can be modified in a number of ways. 
Some authors for instance, add the density of air p  as 
an extra factor (GESAMP, 1989):
Fw=lFPC ap - 1.
In this case the resulting washout ratios are temper­
ature and pressure dependent and about a factor of 
1200-1300 smaller. An alternative method to calcu­
late the wet flux is the use of scavenging rates. This 
subject was extensively described by Slinn (1983).
3.1. D a ta  o n  p r e c ip i ta t io n
The existing estimates of surface precipitation (rain, 
snow, hail,...) over the seas and oceans are based on a 
very limited data set. A serious problem with the 
measurement of precipitation, both on the ground 
and aloft, is its great variability in time and space. It
cannot, for instance, be measured from a sampling 
vessel (Buijsman e t  a l., 1991). Moreover, the total 
amount of rainfall at any location can be a combina­
tion of a small number of very intense showers (of 
convective origin) together with comparatively ex­
tended periods of light rainfall from stratiform clouds. 
The overall contributions of these two kinds of pre­
cipitation are often comparable (Browning, 1990).
Even for a relatively small area as the North Sea, an 
accurate value for annual average rainfall is not avail­
able at present. It is, however, generally recognized 
that less rain falls over sea than over land (see e.g. 
Cambray e t  a l ,  1979; Baeyens e t  a l ,  1990). By meas­
urements on a gas platform the rainfall there was 
observed to be about 55% of that at land-based 
stations at similar latitudes on either side of the North 
Sea (Cambray e t  a l ,  1975). Taking this observation 
into account, a mean rainfall value of 438 mm per 
year was calculated for the North Sea on the basis of 
measurements of seventeen stations situated on adja­
cent land. This value was seen as a kind of “standard” 
value. However, Cambray himself adjusted this value 
to 475 mm annually on the basis of his own measure­
ments at seven stations surrounding the North Sea 
(Cambray e t  a l ,  1979). Van Aalst e t  a l. (1983) disagree 
with Cambray’s value, claiming that the difference 
between the amount of precipitation on land and at 
sea is lower than assumed before. Baeyens e t  a l. (1990) 
measured the yearly precipitation volume at the 
West-Hinder light vessel: the mean value, based on a 
period of two years, amounts to 430 mm per year. 
They also indicated that, in general, there is less 
precipitation above the sea: they found an average 
ratio West-Hinder/De Blankaert (a Belgian coastal 
station) of 0.72 and a ratio of 0.60 for West-Hinder/all 
Belgian meteorological stations. Krell and Roeckner 
(1988) used a model to simulate the atmospheric input 
of lead and cadmium into the North Sea, and used yet 
another annual precipitation rate, namely 558 mm.
Balls (1989) states that the uncertainty in the 
amount of rainfall is the most important single error 
source in flux estimations. It is obvious that more 
reliable values are urgently needed in order to be able 
to calculate more accurate wet deposition fluxes. In 
the future, space-based techniques for measuring glo­
bal rainfall will provide us with data with a good 
resolution and accuracy. Radars and/or radiometers, 
installed on satellites, will be able to measure the 
instantaneous intensity of the rain or hail that is 
falling, from which an estimation can be made of how 
much rain has fallen in a particular area over a certain 
amount of time, and all of this will happen on a 
routine basis (Bowler, 1990; Kedem e t  a l ,  1990; Sco­
field, 1991).
3.2. D a ta  o n  tr a c e  m e ta ls  (Cd, Cr, Cu, Pb, Zn, Hg)
3.2.1. C o n c e n tr a t io n s  in a ir . Because of the large 
amount of data published in this field, we only in­
cluded values concerning the North Sea and adjacent
2.1. T r a c e  m e ta ls
There are various sources which emit trace metals 
into the atmosphere, i.e. volcanic activity, vegetation, 
soil erosion, man-made pollution and aerosol forma­
tion from sea-spray (Dedeurwaerder e t  a l ,  1985). 
Pacyna (e.g. 1984b) published various papers in which 
the atmospheric emissions of trace elements from 
anthropogenic sources in Europe are assessed. These 
compounds are emitted into the atmosphere by means 
of various sources, mainly combustion and industrial 
production processes (Warmenhoven e t  a l ,  1989). 
Among the trace metals in this paper, mercury is 
somewhat of an outsider. The main reason is the fact 
that a dominant fraction (>80%) of the total Hg in 
the atmosphere consists of volatile gaseous mercury 
forms (predominantly elemental Hg, but also smaller 
quantities of dimethyl mercury and the very danger­
ous monomethyl mercury) (Lindqvist and Rhode, 
1985).
Migon e t  a l. (1991) state that even if present levels of 
heavy metals do not produce any apparent environ­
mental harm, the threat of metal pollution probably is 
an underestimated problem. At high concentrations, 
these metals are toxic to the fauna as well as to 
humans who eat fish or crustaceans contaminated 
with these metals, and Pb and Cd in particular 
(Romeo and Nicolas, 1986). Therefore, a more accur­
ate assessment of the loadings of toxic metals from the 
atmosphere to the sea is necessary (Migon e t  a l ,  1991). 
Van Daalen (1991) compares the continuing increase 
of trace metals and especially cadmium in the envir­
onment in general to an insidious disease: once these 
elements are dispersed, it will be almost impossible to 
bring their concentrations back to acceptable levels.
2.2. O r g a n ic  c o m p o u n d s
2.2.1. P o ly c y c l i c  A r o m a t ic  H y d r o c a r b o n s  (P A H s ) . A 
large number of PAHs has been identified, but mostly 
only about 20 of them are taken into account when 
measurements are being made (see Section 3). They 
are widespread in the environment (Björseth e t  a l ,  
1979), partly because PAHs are formed naturally due 
to endogenic synthesis by microorganisms, phyto­
plankton, algae and highly developed plants (Suess, 
1976). Their most important anthropogenic sources 
include industrial production processes, combustion 
processes and burning of waste (Suess, 1976; Quaghe- 
beur e t  a l ,  1983; McVeety and Hites, 1988; Warmen­
hoven e t  a l ,  1989; Lipiatou and Saliot, 1991). Many 
PAHs are suspected to be carcinogenic or mutagenic 
(Grimmer e t  a l ,  1991).
2.22. P o ly c h lo r in a te d  B ip h e n y ls  (P C B s). PCBs are bi­
phenyl congeners in which one or more H-atoms have 
been substituted by Cl-atoms. Theoretically, there are 
209 congeners and more than 60 of them have been 
identified. PCBs are highly resistant to chemical or 
physical attacks, are very lipophilic and have a high 
bio-accumulating power and toxicity, which makes 
them dangerous to the environment (e.g. Subraman-
ian e t  a l ,  1987; Delbeke and Joiris, 198?; Tanabe, 
1988; Schulz-Bull e t  a l ,  1991; Stone, 1992). However, 
the toxicity of PCBs is thought to be due to the action 
of only a few congeners, in particular the non-ortho- 
C1 substituted chlorobiphenyls. PCBs were made 
commercially available as liquid mixtures, e.g. Aroc- 
lor 1242 or Aroclor 1254. Their open use is now 
restricted or banned in most countries (GESAMP, 
1989). Some important sources are leaks and vaporiz­
ation processes (Warmenhoven e t  a l ,  1989).
2.2.3. P e s t ic id e s  a n d  v o la t i le  o rg a n o c h lo r in e s . They 
enter the atmosphere mainly by their agricultural use, 
when they are or have been applied to the crops 
(volatilization). Their emission depends on—for in­
stance—the area of the region they are used in, and 
the applied quantities (Warmenhoven e t  a l ,  1989). 
The pesticides dealt with in this report are DDT, 
chlordane, dieldrin, hexachlorobenzene and HCHs.
The DDT group includes DDT and DDE. These 
pesticides are very lipophilic and have a high bio­
accumulating power (Subramanian e t  a l ,  1987). 
Hexachlorocyclohexanes (HCHs) are a pesticide mix­
ture which contains several biologically inactive isom­
ers as well as the insecticidal lindane (y-HCH) (tech­
nical composition: 55-70% a-HCH, 5-14% /i-HCH, 
10-18% y-HCH, 6-10% «5-HCH and 3-4% e-HCH) 
(Rapaport and Eisenreich, 1988; Lane e t  a l ,  1992). In 
assessments of the deposition of these species, usually 
data on a - and y-HCH are given, because their con­
centrations over the oceans are observed to be the 
highest (GESAMP, 1989). Although hexachloroben­
zene (HCB) (a benzene ring with six chlorine atoms) is 
not known to occur as a natural product, it has 
become widely distributed in the environment. HCB 
is a very stable, non-reactive compound, which is 
highly lipid-soluble and thus tends to accumulate in 
fatty tissues (Burton and Bennett, 1987).
3. WET FLUX MEASUREMENTS
The amount of micropollutants which is deposited 
to the oceans over a certain period of time can be 
determined either directly or indirectly.
In the direct case the wet atmosphere-to-ocean 
material fluxes are determined as follows: rainwater is 
collected in rain collectors over a certain period of 
time and the concentrations of the substances in­
volved are measured. For particles, the wet flux Fw 
can be calculated with the following formula
i
or the flux Fw is the sum over all individual rain events 
i of the product of the concentration of particles in 
rainwater (Cp,) times the amount of precipitation per 
unit area and time (P,). Because it is difficult to sample 
rainwater at each single rain event, the above equa­
tion is usually approximated. The most common
Atmospheric Environment Vol. 27A, No. 16, pp. 2669-2687, 1993. 
Printed in Great Britain.
0004-6981/93 $6.00+0.00 
©  1993 Pergamon Press Ltd
AN OVERVIEW OF WET DEPOSITION OF 
MICROPOLLUTANTS TO THE NORTH SEA
H. Struyf and R. Van G rieken
University of Antwerp (U.I.A.), Department of Chemistry, Universiteitsplein 1, B-2610 Antwerpen-Wilrijk,
Belgium
( F ir s t  r e c e iv e d  16 J u ly  1992 a n d  in  f i n a l  fo r m  31 M a r c h  1993)
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1. INTRODUCTION
The North Sea is an area of intense human activity, it 
is surrounded by densely populated countries and it is 
rich in natural resources. Especially the southern 
part—often called the Southern Bight—is the centre 
of busy commercial activity directed at the exploit­
ation of mineral and living resources, transport, in­
frastructural works and recreation. The North Sea is 
also a shallow sea in a moderate climate, and is 
consequently biologically very productive and ecolog­
ically valuable: an important amount and variety of 
species of fish, birds, sea mammals and numerous 
other animals and plants live and grow in its waters 
and on its coasts, and form complicated and very 
sensitive ecosystems. However, the presence of all the 
industries and population centres around the North 
Sea exercises a constant and ever increasing pressure 
on the marine ecosystem, which leads to the loss of 
natural habitats, overexploitation and damage to its 
natural resources and beaches, etc. In order to take 
measures to reduce this conflict between commercial 
interests and the conservation of the marine environ­
ment to reasonable proportions, a thorough invest­
igation of the processes which introduce pollutants 
into the North Sea is required.
Anthropogenic pollutants reach the seas and 
oceans in many different ways. The major routes 
include rivers, direct dumping and industrial dis­
charges, and atmospheric transport (e.g. Buat-Mén- 
ard, 1984; Dedeurwaerder e t  a l., 1985; Martin e t  a l., 
1989). For about 30 years now, one has studied the 
atmosphere as a (possible) pathway for the introduc­
tion of chemical species to surface waters. As the 
understanding of the transport and deposition mech­
anisms improved, it became clear that the atmo­
spheric route gained in importance relative to the 
other pathways. Especially in open ocean areas, where 
the influence of rivers is minimal, the atmosphere 
appears to be the dominant contributor to marine 
pollution (GESAMP, 1989).
Dry deposition of metals to the North Sea has been 
modelled and measured recently (e.g. Otten, 1991). 
Wet deposition, however, has not been so well invest­
igated (the available data lack coherence) and very 
little is known about the deposition of organic micro- 
pollutants. Some of the difficulties involved here are 
the inherent variability (in both space and time) of the 
wet deposition phenomenon itself, and the lack of 
reliable data on the precipitation rate and on the 
(organic) pollutant concentrations in precipitation in 
the North Sea area.
2. MICROPOLLUTANTS
The micropollutants which will be discussed in this 
paper can be divided into two categories: trace metals 
(Pb, Cu, Zn, Cd, Cr, Hg) and organic compounds 
(PCBs, PAHs, pesticides). All of these chemicals have 
been proven or are suspected to have a certain impact 
on the marine environment (GESAMP, 1989). They 
are present in the atmosphere as particles and/or in 
the gaseous form. Their atmospheric lifetime is gen­
erally long enough (> ld ay) to allow them to be 
transported over long distances (>  1000 km), but it is 
often too short (<  1 month) to allow uniform mixing 
of the material in the global atmosphere (Buat-Mén- 
ard, 1984). The typical residence time for European air 
pollution is estimated to be 3 or 4 days (Smith, 1991).
Selected article #14:
An overview of wet deposition of micropollutants to the North Sea
H. Struyf and R. Van Grieken
Atmospheric Environment, 27A (1993) 2669-2687
PARCOM (1989) Tenth Annual Report on the Activities of 
the Paris Commission, London, U.K.
Peirson D. H.. Cawse P. A., Salmon L. and Cambray R. S. 
(1973) Trace elements in the atmospheric environment. 
N a tu r e  241, 252-256.
Pena J. A.. Norman J, M. and Thomson D. W. (1977) 
Isokinetic sampler for continuous airborne aerosol meas­
urements. J .  A i r  P o llu i. C o n tro l Ass. 27, 337-340.
Petersen G„ Weber H. and GraBl H. (1989) Modelling the 
atmospheric transport of trace metals from Europe to the 
North Sea and the Baltic Sea. In C o n tro l a n d  F a te  o f  
A tm o s p h e r ic  T ra c e  M e ta ls  (edited by Pacyna J. M. and 
O ttar B.) Kluwer, Dordrecht.
Quality Status of the North Sea (1987) A Report by the 
Scientific and Technical Working group. Department of 
Environment, Second International Conference on the 
Protection of the North Sea.
Rojas C. M. (1991) Ph D. dissertation. University of Antwerp 
(UIAI. Antwerp. Belgium.
Rojas C. M., O tten Ph. M„ Van Grieken R. E. and Laane R. 
W.. (1991) Dry aerosol deposition over the North Sea 
estimated from aircraft measurements. In P roc. 18t/i In i. 
T e c h n ic a l M e e tin g  o f  N A T O - C C M S  on  A ir  P o llu tio n  
M o d e llin g  a n d  its  A p p lica tio n  (edited by Van Dop H. and 
Steyn D ). pp. 419-425. Plenum Press, New York.
Rojas C. M . Van Grieken R E. and Laane R. W. (1993) 
Comparison of three dry deposition models applied to field 
measurements in the Southern Bight of the North Sea. 
A tm o s p h e r ic  E n v iro n m en t (in press).
Schmidt H. |!992l An estimate of the mean precipitation 
amount over the North Sea. D eu tsch e  H y d ro g r . Z .  
(submitted).
Slinn W. G. N. (1983) Air to sea transfer of particles. In 
V .4 T O  A S I  C on i. A i r -S e a  E x c h a n g e  o f  G a ses  a n d  P a r tic le s  
(edited bv Liss P S and Slinn W. G. N ), p 299 D Reidel, 
Dordrecht.
Slinn S. A. anu Slinn W. G. N. 11980) Predictions for particle 
deposition on natural waters. A tm o s p h e r ic  E n v iro n m en t 14, 
1013 1016
Smith S. D. (1981) Factors for adjustment of wind speed over 
water to a 10-m height. Report series BI-R-81-3, Bedford 
Institute of Oceanography, Dartmouth, Nova Scotia, Can­
ada.
Smith S. D. (1988) Coefficients for sea surface wind stress, 
heat flux, and wind profiles as a function of wind speed and 
temperature. J . g eo p h ys . R e s . 93, 15467-15472.
Steiger M., Schulz M., Schwikowski M., Naumann K. and 
Dannecker W. (1989) Variability of aerosol size distribu­
tions above the [Sorth Sea and its implication to dry 
deposition estimates. J . A e r o s o l S c i. 20, 1229-1232.
Van Aalst R. M.(1986) Dry deposition of aerosol particles. In 
A e r o s o ls  (edited by Schneider L. e t a i) . Lewis, Chelsea, MI.
Van Aalst R. M. (1988) Input from the atmosphere. In 
P o llu tio n  o f  th e  N o r th  Sea: A n  A s s e s sm e n t (edited by 
Salomons e t a i ) ,  pp. 275-283 Springer, Berlin.
Van Jaarsveld J. A., Van Aalst R. M. and Onderdelinden D. 
(1986) Deposition of metals from the atmosphere into the 
North Sea: model calculations. Report RIVM 842015002, 
Bilthoven, Netherlands.
Warmenhoven J. P., Duiser J. A., de Leu L. Th. and Veldt C. 
(1989) The contribution of the input from the atmosphere 
to the contamination of the North Sea and the Dutch 
Wadden Sea, TNO report R89/349A.
Weichart G. (1973) Pollution of the North Sea. A m b io  2, 
99-106.
Wiman B. L., Unsworth M., Lindberg S., Bergkvist B., 
Jaenicke R. and Hansson H.-C. (1990) Perspectives on 
aerosol deposition to natural surfaces: interactions be­
tween aerosol residence times, removal processes, the 
biosphere and global environmental change. J . A e r o so l Sc i. 
21, 313-338.
Windom H. L. (1981) Comparison of atmospheric and 
riverine transport of trace elements to the continental shelf 
environment. In R iv e r  In p u ts  to  O c ea n  S y s te m s . UNEP 
and UNESCO.
specially on their heavy metal content; (ii) the deter­
mination of solubility as a function of particle size and 
chemical spéciation; (iii) a better knowledge on the 
temporal distribution of precipitation events for the 
North Sea area; and (iv) the determination of the 
functional relationship between height and precipi­
tation intensity.
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Table8. Total flux(kgkm 2 y r ' ')  into the Southern Bight of the North 
Sea compared with values from other marine areas
Total flux Cd Cu Pb Zn
New York Bight (1) 0.3 ___ 39 14
Baltic Sea (2) 0.16 — 11 —
Baltic Sea (3) 0.14 2.9 2.4 11
W. Mediterranean (4) 0.13 0.96 10.5 11
W. Mediterranean (3) 1 4.2 29 34
S. Atlantic Bight (5) 0.09 2.2 6.6 7.5
Bermuda (6) 0.04 0.3 10 0.75
Bermuda (7) 0.09 1 12 1.76
North Atlantic (2) 0.05 — 3.1 —
Trop. N. Atlantic (8) 0.05 0.2 3.1 1.3
Trop. N. Pacific (9) 0.003 0.09 0.07 0.67
North Sea (2) 0.5 — 17 —
North Sea (3) 0.3 2.7 14 14
This work 0.59 5.1 13.8 28
References: (1) Duce et al. (1976a), (2) GESAM P-IM O/FAO/UNES- 
CO/ W M O/W HO/IAEA/UN/UNEP (1985), (3) GESAM P-IM O/- 
FAO UNESCO W M O/W HO/IAEA/UN/UNEP (1989), (4) Arnold e t  
al. (1982), (5) Windom (1981), (6) Duce e t al. (1976b), (7) Jickells e t  al. 
(1984). (81 Buat-Ménard and Chesselet (1979), (9) Arimoto e t al. (1985).
Table 9. Total input of Cd, Cu, Pb and Zn 
(in ton y r ' 1) to the Southern Bight of the 
North Sea, compared with other pathways
Pathway Cd Cu Pb Zn
Rivers 39 970 768 5587
Discharges 16 243 144 1176
Dumping 23 1265 2407 8759
Atmosphere 94 806 2200 4432
Total 172 3284 5519 19,954
81-84% (Hodge e t a l., 1978); 15-86% (Hodge e t  a l., 
1978; Moore e t a i ,  1984; Maring and Duce, 1989); 
13-90% (Hodge e t a l., 1978; Maring, 1985); 24-76% 
(Hodge e t a l., 1978; Crecelius, 1980) for Cd, Cu, Pb 
and Zn, respectively. The large spreading of the solu­
bility values appearing in the literature is evident. 
Moreover, the direct dumping of waste will soon 
decrease due to recent EC legislation, and hence the 
relative contribution of the atmospheric input will 
increase. It should also be borne in mind that the 
heavy metal load of rivers is, to some extent, due to 
leaching of atmospherically deposited pollutants from 
land. The very important role of atmospheric depos­
ition to the heavy metal pollution of the North Sea is 
thus evident.
C o m p a r is o n  w ith  m o d e le d  in p u ts
A comparison of our results with modeled inputs 
for the North Sea is shown in Table 10. In general, the 
four models agree very well, which can be expected 
since the source-emission data are similar in al! of 
them. There are more marked differences between our 
results and those from the models, particularly for Cu,
Table 10. Comparison of our results for the total input (ton 
y r ' ‘) to the North Sea with model outputs reported by other 
authors
Reference Cd Cu Pb Zn
Van Jaarsveld e t a i  (1986) 11 100 2000 940
Krell and Roeckner (1988) 11 — 1200 —
Grafll e t al. (1989) — — 2300 —
Warmenhoven e t al. (1989) 15 110 1900 930
This work 158 1348 3678 7409
Cd and Zn, where the modeled outcomes represent 8, 
10 and 13% of our estimates, respectively; whereas for 
Pb this difference is of 50%.
These discrepancies can be related to several rea­
sons, namely, the aerosol size distribution used in 
these models varies significantly from ours. Indeed, in 
our calculations aerosols had sizes ranging from 0.09 
to 23 p m  (aed), with a significant heavy metal fraction 
(25-50%) in the range >4 p m  (aed). The particle size 
dependence used in other models has already been 
discussed. On the other hand, none of these models 
takes into account particle growth due to high relative 
humidities. It has to be taken into account that our 
values have been estimated assuming that the aerosol 
concentrations for the whole North Sea are approxim­
ately 50% of those from the Southern Bight.
RECOMMENDATIONS FOR FUTURE RESEARCH
It is therefore essential that further research should 
be devoted toward: (i) a thorough and ample charac­
terization of the large atmospheric particulate matter,
but consistently lower (36% on the average). This 
difference might be related to the fact that Baeyens e t  
al. (1990) measured at a fixed location, whereas our 
measurements covered a distance of approximately 
110 km from the Goeree platform in several direc­
tions, away from the continent.
W e t d e p o s itio n
The resulting precipitation scavenging rates of 
3.3 x 1(T6, 3.7 x t(T6, 2.3 x 1(T6 and 3.6 x 10~6s '  1 
for Cd, Cu, Pb and Zn, respectively are within the 
variation range given by Van Aalst (1988) of 2 
x 10~6-6 x  10_6s ' 1. As for dry deposition, particles 
with diameters larger than 4 p m  contribute enormous­
ly (more than 98%) to the total wet deposition rate. 
The wet deposition rates, for five different wind sec­
tors, obtained for the Southern Bight of the North Sea 
are shown in Table 5. As is seen from this table, wind 
sectors east/northeast, south/southeast and local ac­
count for most of the wet deposition of Pb and Zn, 
respectively. As for dry deposition, wind sectors asso­
ciated with continental air masses dominate the heavy 
metal deposition. As far as the wet fluxes of Cd and Cu 
are concerned, wind sectors west/southwest and 
south/southeast are predominant.
Table 6 lists the wet deposition fluxes from this 
work, compared with results reported by other 
authors. It is necessary to mention that the meas­
urements of Peirson e t  a l. (1973) were carried out at a 
gas platform, and those of Dedeurwaerder e t  a l. (1982) 
and Baeyens e t al. (1990) at the West-Hinder station, 
while Cambray e t a l. (1979) and Paris Commission 
(PARCOM, 1989) performed their sampling at coastal 
stations. The precipitation intensities for all these 
works ranged between 260 and 796mmyr_l. Last, 
but not least, it has to be pointed out that some of the 
authors base their results on the dissolved phase of the 
collected material. It is seen from this table that there 
is an enormous spread in the results of wet flux 
estimates. However, the good agreement between the 
outcomes of Cambray e t a l. (1979), Dedeurwaerder e t  
a l. (1982). Baeyens e t a l. (1990) and this work is 
striking for Pb. The lowest estimates are those re­
ported by PARCOM (1989).
T o ta l  d e p o s itio n
Table 7 shows the dry, wet and total fluxes to the 
Southern Bight of the North Sea. One can determine 
from this that, on average, 69% of the total deposition 
for the four elements of interest is accounted for by wet 
deposition. However, it is here where we lack most of 
the information needed to assess the real importance 
of wet deposition. Table 8 shows a comparison of the 
total atmospheric flux estimated for the Southern 
Bight, with that of other marine areas. The flux values 
for the tropical North Pacific are based on direct 
measurements. For all elements, the deposition fluxes 
show relatively high values for the Southern Bight of 
the North Sea, while the reported value for Pb for the
New York Bight is very high. However, this value 
dates from 1976. Based on the figures given in Table 7, 
and given the total surface area for the Southern Bight 
of the North Sea of 160,000 km2 (Cambray e t a i ,  
1975), the total input (in ton yr “ l) is shown in Table 9, 
and compared with other pathways extracted from the 
report on the Quality Status of the North Sea (1987). It 
is seen from this table that 55, 24, 40 and 22% of the 
total are attributed to the atmospheric input for Cd, 
Cu, Pb and Zn, respectively. It is also seen that for Cu 
the atmospheric input is similar to that of rivers. 
However, these results correspond only to the soluble 
fraction, and the reported solubilities in sea water, 
which depend on the particle size and pH value, are:
Table 4. Dry deposition fluxes (kgm  2yr ‘) compared 
with those reported by other authors
Reference Cd Cu Pb Zn
Cambray e t al. (1975) — <30 24 420
Dedeurwaerder et al. (1982) 0.04 0.7 4.5 3.5
Baeyens e t al. (1990) 0.19 3.5 7.5 13
This work 0.16 1.6 5.1 7.9
TableS. Wet deposition fluxes (kgkm -2 yr~ ') to the 
Southern Bight of the North Sea, divided in five different 
wind sectors
Wind sector Cd Cu Pb Zn
West southwest 0.165 1.13 1.26 3.01
North'northwest 0.016 0.11 0.76 0.12
East northeast 0.083 0.20 2.95 6.27
South/southeast 0.122 0.23 2.56 5.84
Local 0.044 1.79 1.14 4.52
Total 0.4 3.5 8.7 20
Table 6. Wet deposition flux estimates compared with those 
reported by other authors
Reference Cd Cu Pb Zn
Peirson e t al. (1973) 4.2 21 49 53
Cambray e t al. (1979) — 11 11 31
Dedeurwaerder e t al. (1982) 1.6 25 9 140
PARCOM (1989) 0.2 0.8 1.1 4.5
Baeyens et al. (1990) 2.9 25 7 170
This work 0.4 3.5 8.7 20
Table 7. Dry. wet and total deposition fluxes 
(kgkm ~2y r~ l ) to the Southern Bight of the North 
Sea
Type of deposition Cd Cu Pb Zn
Dry 0.16 1.6 5.1 7.9
Wet 0.43 3.5 8.7 20
Total 0.59 5.1 13.8 28
authors, only Dulac e t a l. (1989) included particle 
growth due to aerosol hygroscopicity. However, their 
size-segregated samples ranged from 0.67 to 8.9 /tm in 
only five stages. This is the reason why their deposi­
tion velocity, e.g. for Pb, is a factor of 12 lower than the 
one reported here.
As is seen above, the main subject of discrepancy in 
the results concerning dry deposition velocities relies 
in the size distribution of the aerosols. Indeed, Van 
Aalst (1988) states that dry deposition velocities might 
vary in the range between 0.1 and 1 cm s ' 1, and that 
most of this spread is caused by the lack of knowledge 
of the atmospheric particulate matter size distribution. 
Even though elements like Pb are more abundant in 
the sub-micrometer size range, these particles can 
coagulate with seasalt aerosols and reach super- 
micrometer dimensions. In order to give a quantitat­
ive idea on how important relatively large particles 
can be in the whole deposition process. Table 2 shows 
the percentage of the dry deposition flux accounted for 
by a given particle size class. Here only particle 
diameters larger than 1 /tm are tabulated since the 
contribution of the sub-micrometer particles can be 
considered as negligible.
It is seen from this table that 98% of the dry 
deposition velocity for Cd is accounted for by particles
Table 2. Relative contribution I %) of the 
particle size classes in the determination of 
dry deposition fluxes
Diameter
l/zm| Cd Cu Ph Zn
1.4 1.1 1.5 1.1 0.4
2.8 0.4 3.1 1.4 1.7
5.6 "> •) 6.3 14 II
11.3 50 5.7 39 27
23.0 46 83 43 59
larger than 4 /am; whereas for Cu, Pb and Zn, this 
percentage corresponds to 95, 96 and 97%, respect­
ively. For the same North Sea area, Baeyens e t  al. 
(1990) concluded that the first two stages of their 
cascade impactor, i.e. particles larger than 4 /rm, were 
responsible for 82% of the deposition of Pb. In the 
Mediterranean Sea, Dulac e t a l. (1989) reported that 
only 20% of the total deposition of Cd and Pb is 
accounted for by particles with sizes larger than 7 /am.
The dry deposition rates as a function of the wind 
sector for the Southern Bight of the North Sea are 
shown in Table 3 for Cd, Cu, Pb and Zn, respectively. 
It was expected that continental air masses would 
contribute significantly to the dry deposition rate for 
all four elements. It is seen from this table that wind 
sector west/southwest is responsible for most of the 
deposition of Cd and Zn. The dry flux of Pb is mainly 
associated with this wind sector and with the 
south/southeast sector. The contribution of wind sec­
tor north/northwest is relatively low since the aerosol 
concentrations can be attributed to background levels 
for the Southern Bight of the North Sea. The contribu­
tion of the local wind sector to the dry deposition rate 
of Cu is also noticeable.
Table 4 shows a comparison of the dry deposition 
rates obtained in this work with those from the 
literature. It is seen from this table that an enormous 
difference exists between the results for dry deposition 
rates reported by Cambray e t a l. (1975), measured at a 
gas platform, with those from Dedeurwaerder e t  a l. 
(1982), Baeyens e t a l. (1990) and this work. This spread 
suggests the possibility of contamination in the former 
results. It is also noticeable that Dedeurwaerder e t  al. 
(1982) and Baeyens e t a l. (1990). even though they 
measured at the same site (West-Hinder station, 50 km 
off the Belgian shoreline), report results that are 
almost a factor of four different for Zn. Our results, are 
comparable to those reported by Baeyens e t a l. (1990)
Table 3. Dry deposition to the Southern Bight of the North Sea for each wind sector. C is the elemental concentration 
in n g m '3. t 'd is the deposition velocity in cm s~ ' and the flux is in k g k m “ : y r " ‘
Wind frequency:
West southwest 
31.7%
North northwest 
19.8%
East northeast 
18.8%
South southeast 
18.2%
Local
11.5%
Cd
C
%
Dry flux
1.47+0.36
0.69+0.52
0.33+0.26
0.20 ±0.38 
0.33 ±0.21 
0.02 ±0.04
2.20 ±1.90 
0.26+0.16 
0.19 ±  0.13
0.82 ±0.44 
0.39 ±0.25 
0.09 ±0.07
0.43 ±0.15 
0.29 +  0.08 
0.04 ±0.01
Cu
C
%
Dry flux
13.8 + 5.8 
0.49+0.35 
2.2 ±1.8
1.02 ±0.36 
0.27 ±0.15 
0.09 ±0.06
2.5+ 0.4 
0.22 +  0.13 
0.17 ±0.10
11.7 ±10.8 
0.19 ±0.05 
0.66 ±0.63
15.7 +  6.5 
1.24+0.15 
6.2 ±2.7
Pb
C
Pa
Dry flux
68 ± 5  
0.26 +  0.14 
5.7 ±3.0
6.0 ±3.4 
0.31 ±0.15 
0.60 ±0.44
59+15 
0.29 +  0.10 
5.5 ±2.3
126 +  20 
0.25+0.09 
10.1 ±3.9
72+15 
0.12 +  0.04 
2.7 ±1.1
Zn
C
Pa
Dry flux
61 ± 7  
0.56 ±0.27 
10.9 ±5.5
2.0 ±1.2 
0.21 ±0.09 
0.13 ±0.09
76 ±21 
0.38 + 0.13 
9.3 ±4.0
160±40 
0.14+0.04 
7.1 ±2.7
81 ±  16 
0.48 ±0.09 
12.4 ±3.4
Cd Cu Pb Zn
Total dry fluxes 1 weighted) : 0 16 ±0.11 1.58 ±0.67 5.08 ±1.25 7.94 ±2.00
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Fig. 2. Average size distribution of Cd, Cu, Pb and Zn obtained from the 9-stage Berner cascade impactor. Average 
obtained replacing missing values with zeros are represented by the hollow bars, whereas those obtained replacing the 
missing values with the detection limit correspond to the filled bars.
Table I Average dry deposition velocities for Cd. Cu, Pb and Zn, compared with other 
results reported in the literature
Reference Cd Cu Pb Zn
This work 0.39 +  0.07 0.48+0.17 0.25 + 0.03 0.35+0.07
Krell and Roeckner (1988) 0.2 — 0.20 —
Steiger e t al. ( 1989) — — 0.14 —
Van Jaarsveld e t al. (1986) 0.22 0.22 0.22 0.22
Dulac e t al. (1989) 0.05 —• 0.04 —
and chose, for use in our deposition calculations, the 
aerosol size distribution obtained when all missing 
values were replaced with half of the detection limit.
D r y  d e p o s i t io n
The dry deposition velocities determined for our 
four elements of interest (Cd, Cu, Pb and Zn) and the 
respective errors are shown in Table 1. These values 
correspond to the average talcing into account all 
wind sectors. Also in this table, the results reported by 
other researchers are listed. The standard error associ­
ated with these determinations can be considered very 
good, taking into account the variations related to 
meteorology and size-segregated elemental concentra­
tions. These dry deposition velocities are based upon a 
particle size ranging from 0.09 to 23 p m  aerodynamic 
diameter (aed), while Krell and Roeckner (1988) con­
sidered aerosols only in the size range from 0.2 to 
1 p m . Steiger e t  a l. (1989) used particle sizes between 
0.4 and 10 fim; whereas Van Jaarsveld e t  a l. (1986) 
used five size classes for deposition calculations, the 
smallest being 0.95 p m  and the largest 20 p m . Of these
D ry  d e p o s it io n  m o d e l d e sc r ip tio n
Dry deposition velocities were calculated using a modified 
version of the two-layer deposition model of Slinn and Slinn 
(1980). In this model, the lower atmospheric boundary layer 
beneath a reference height of 10 m is divided into two layers. 
In the first layer, particle transport is mainly governed by 
gravitational settling and turbulence. In the second layer, 
also called the deposition layer and very close to the water 
interface, particle transfer is dominated by diffusion and 
phoretic effects. In the original version of Slinn and Slinn 
(1980), parameters such as drag coefficient, average wind 
speed and friction velocity were used for a height of 10 m. 
Since our aircraft measurements took place at a higher 
altitude and due to the wide range of values that the drag 
coefficient can have as a function of altitude and average 
wind speed (Smith, 1981, 1988), our approach consisted of 
using the Monin and Obukhov (1954) similarity theory to 
determine the drag coefficient, wind speed and friction velo­
city for a height of 10 m when the wind speed has been 
measured at a higher altitude. More details on this approach 
can be found elsewhere (Rojas e t a i ,  1991, 1993; Rojas, 1991). 
The motivation for this approach was that, according to 
Wiman e t a i  (1990), a turbulent layer of 10 m above the water 
surface encompasses most of the transfer zone. Once all these 
parameters were known, taking into account the height 
correction, they were introduced in the two-layer modeling 
described above. Atmospheric stability corrections were also 
included. Dry deposition velocities have been calculated 
following several steps. First, it was assumed that: (i) particles 
are hydrophobic, i.e. particles do not grow despite of the 
nearly saturated characteristics of the air in the deposition 
layer; or (ii) particles are hygroscopic (they do grow). This 
resulted in two dry deposition velocities as a function of 
particle size depending on the particle characteristics. The 
deposition velocity for hygroscopic particles was then 
weighted with the per cent number of sulfate-bearing par­
ticles. These particles have hygroscopic properties. This 
number per cent was obtained from single particle observa­
tions carried out using laser mass microprobe analysis 
(Dierck e t a i .  1992). The complement of this number was 
used to weight the dry deposition velocity for hydrophobic 
particles. The final deposition velocity was the summation 
of the two weighted values. The variation of particle size 
with relative humidity for sulfate particles was taken from 
Fitzgerald (1975).
Authors like Arimoto and Duce (1986) have calculated the 
dry deposition rate, dividing the total mass of each element 
into intervals, each containing 1% of the total mass. Then, a 
deposition velocity is determined for each mass interval. This 
is known as the granulometric approach (Dulac e t a i ,  1989). 
However, Dulac e t a i  (1989) have shown that this procedure 
yielded similar results when the mass distribution is taken 
directly from the impactor data and used in the calculation of 
the dry deposition velocities. In this work we used the mass 
distribution given by the cascade impactor. Thus, the dry 
deposition velocity is given by:
I  FC
---- ( 1)
I C,
i= 1
where F, and C, are the dry deposition velocity and aerosol 
elemental concentration for particle size i of the 9-stage 
impactor. respectively.
The uncertainties of dry deposition velocities and dry 
fluxes have been calculated taking into account the un­
certainties associated with pure meteorological variations, 
namely of wind speed, sea and air temperature and wind 
seasonal variations. The errors related to the determination 
of the aerosol concentrations in both size-segregated samples 
and bulk samples were also considered. A strict error propa­
gation routine was thus performed in order to assess the 
reliability of the generated data.
W e t d ep o sitio n  m o d e l d e sc r ip tio n
Wet deposition estimates are based on the model of 
precipitation scavenging proposed by Slinn (1983). 
In this model, the estimation of the scavenging of airborne 
particulate matter by cloud and raindrops begins with the 
determination of the collection efficiency. This efficiency is 
associated with three main processes. The collection of 
aerosols by a falling drop can be due to inertial impaction, i.e. 
when particles cannot follow the streamlines around the 
drop, and to their inertia impact on it. The second process is 
called interception. Here, even though particles can follow 
the streamlines, their size is large enough so that their surface 
and that of the falling drop get in contact. Last, but not least, 
Brownian diffusion also contributes to the scavenging of 
aerosols. Due to their random motion, particles come into 
contact with the drop and they are removed from the 
atmosphere. The average collection efficiency and scavenging 
coefficient for a mean drop diameter (D J  have been deter­
mined using Slinn’s (1983) approximations, with an assumed 
average precipitation rate for the Southern Bight of the 
North Sea of 600 mm y r“ 1 (Schmidt, 1992). Finally, wet 
deposition values have been weighted by the per cent fre­
quency of the wind direction prevailing in the zone using the 
compilation of meteorological data reported by Hohn (1971). 
Results are grouped in five wind sectors.
As will be seen from the results, no attempt has been made 
to calculate the error associated with the determination of the 
wet fluxes, even though the uncertainties of precipitation 
rates reported by Schmidt (1992) have a standard error of 
10%. This is motivated by several reasons: (i) The average 
collection efficiency was determined for a D m with a pre­
cipitation rate measured at ground level; what happens aloft 
is not yet fully understood, (ii) Perhaps the most important 
issue is that the temporal distribution of precipitation events 
for the North Sea is also unknown; it does not rain every day 
over the North Sea as is assumed in this work.
RESULTS AND DISCUSSION
C o n c e n tr a tio n s  a n d  s iz e  d is tr ib u tio n s
The average concentrations observed above the 
Southern Bight of the North Sea for some heavy 
metals are (in ng m ' 3): 1.1 ± 0.4 for Cd, 9 ±  3 for Cu, 65 
±  5 for Pb and 72 + 9 for Zn. As shown by Injuk e t a l. 
(1990), there is some agreement between these values 
and those reported in the literature covering a period 
of about 18 years. There is also an apparent decrease 
of the Pb concentrations in this airshed, which could 
be related to a reduction of the lead emissions, e.g. use 
of unleaded fuels.
During this work, it was possible to determine two 
different aerosol size distributions (see Fig. 2), depend­
ing upon the criterion used to handle missing values. 
Indeed, the size distribution represented by the hollow 
bars was obtained when all missing values were re­
placed by 0; whereas the replacement of the missing 
values by the full detection limit led to a different 
aerosol size distribution (filled bars). It is seen that this 
practice introduces drastic variations in the size dis­
tributions of Cd and Zn, while Cu and Pb seem less 
affected (except for the largest size class). Since this 
represents two extreme cases on how missing values 
could be treated, we adopted an intermediate position
and mixing height data. Their results indicated that 
previous estimations of deposition data, extrapolated 
from coastal measurements, tend to overestimate the 
atmospheric input of anthropogenically generated 
heavy metals into the entire North Sea (Kersten e t  a i ,  
1988). On the other hand, their dry and wet deposition 
calculations take only into account particulate matter 
in the size range between 0.2 and 1 p m , which seems 
unrealistic, as will be shown throughout this work.
As an alternative method, Petersen e t  a l. (1989) used 
the EMEP model (Eliassen and Saltbones, 1983), 
which was originally conceived for sulfur dioxide and 
particulate sulfur, to calculate dry and wet fluxes into 
the North Sea and the Baltic Sea. Even though the 
agreement between their model calculations and that 
of Krell and Roeckner (1988) is good, they conclude 
that a comprehensive validation of their approach is 
not possible due to the lack of long-term measure­
ments of trace metal concentrations and deposition 
over the North Sea. If such long-term measurements 
were available, then model estimates and the un­
certainties associated with them would be of no need.
In this work we concentrate on four elements of 
interest, namely Cd. Cu, Pb and Zn, and report on the 
dry and wet fluxes of atmospheric particulate matter 
over the Southern Bight of the North Sea. These fluxes 
have been calculated from total and size-fractionated 
airborne elemental concentrations, collected with the 
aid of an aircraft, during a 1-year period, in combina­
tion with calculated dry and wet deposition rates, 
related, in te r  a lia , to the particle size distribution.
MATERIALS AND METHODS
E x p e r im e n ta l
The sampling campaign started in September 1988, and 
lasted for 13 months. During this period. 23 flights were 
carried out using a twin-engine aircraft Piper Chieftain, PA 
31-350, owned by Geosens B. V. (Rotterdam, Netherlands). 
All flights were performed with cloudless meteorological 
conditions (less than 3 oktas), and samplings did not take 
place during precipitation events. Each flight was planned 
taking into account the 36-h air mass backward trajectories 
provided by the Royal Netherlands Meteorological Institute 
(KNM I, De Bilt, Netherlands!, for four different pressure 
levels: 1000, 925. 850 and 700 hPa. respectively. The starting 
point was the Goeree platform (51 55.5'N. 3 40'E). from 
which a spiral flight was done in order to localize the 
inversion layer. A map showing the area where sampling was 
carried out is given in Fig. 1. The aerosol sampling took place 
in six different tracks, each covering a distance of about 
110 km towards the North Sea in the up- or downwind 
direction from the Goeree platform, and more or less equally 
spaced between the inversion height and sea level. Altitude 
was measured with a King Radar Altimeter model KRA 
10,10a, whereas temperature and wind speed were monitored 
using a 102 E temperature sensor with Pt-100 element (nomi­
nal resolution 0.1'C) (Rosemount Inc., U.S.A.). and a Racall 
Doppler 91 radar equipped with a RSN 252 navigation 
compass, with a wind speed precision of 1 m s -1 and a 
position accuracy of 0 1 nautical mile. Airborne particulate 
matter was sampled using an isokinetic inlet designed by the 
Pennsylvania State University (Pena e t ai., 1977), and collec­
Fig. 1. Schematic representation of the Southern Bight of 
the North Sea. Here, the starting point of the sampling 
flights (Goeree platform) is also shown.
ted on a set of parallel filters, namely, 0.4-pm pore size, 47- 
mm diameter Nuclepore membrane filter and 1-qm pore size, 
47-mm diameter Millipore Teflon filter. After the air passed 
through the filters, it was pumped out using a Venturi system 
which was mounted on the wings. This had the advantage of 
being very light without requiring electric power. The air flow 
rate was 50 Z min *. Size segregated aerosol samples were 
obtained using a multi-orifice Berner 9-stage cascade impac- 
tor ( Berner e t a i ,  1979), operating at a flow rate of 30 Z min “ '. 
The mean particle size deposited on each stage was 11.3, 5.7, 
2.8, 1.4, 0.7, 0.35, 0.17 and 0.09 /im for stages 2-9, respect­
ively. Since the upper cut-off point for the first stage was 
unknown, an average size value of 23 p m  was determined by 
least-square fitting of the mean diameter data for stages 2-9. 
Both Teflon filters and size-segregated samples were analysed 
for Cd. Cu, Zn and Pb by differential-pulse stripping voltam­
metry (DPSV) after extraction at a pH of 1, following the 
procedure used by Komy e t al. (1988). Results of the analyses 
of the Nuclepore filters by energy-dispersive X-ray spectro­
metry (EDXRF), particle-induced X-ray emission (PIXE) 
and electron-probe X-ray microanalysis will be reported on 
in separate papers. The results reported here are based on the 
analysis of 108 aerosol samples. Even though the variation of 
the elemental concentration with height is known, the results 
for dry deposition are based on the elemental concentrations 
determined for the lowest flight level. This is not the case for 
wet deposition, for which all concentration values have been 
considered. In order to estimate the possible relationship 
between wind direction and airborne concentrations, all 
aerosol samples were classified in five different wind sectors. 
These were: west/southwest, north/northwest, east/nor- 
theast, south/southeast and local. The latter represents air 
masses with variable origin, and that in most of the cases 
circumscribe to the North Sea itself.
Atmospheric Environment Vol. 27 A. No. 2. pp. 251-259, 1993. 
Printed in Great Britain.
0004-6981,'93 $6.00 + 0.00 
C  1993 Pergamon Press Ltd
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Abstract -  During the period from September 1988 to October 1989, 23 sampling flights were carried out 
over the Southern Bight of the North Sea. In this campaign, both bulk and size-segregated airborne 
particulate matter samples were collected. Dry deposition velocities for Cd, Cu, Pb and Zn have been 
estimated using a modified version of the two-layer of Slinn and Slinn and the particle size distribution 
obtained from size-fractionated samples. Results pointed out that the main difference between our results 
and those reported in the literature lies in the aerosol size distribution. Dry deposition rates calculated using 
these deposition velocities as a function of wind sector showed that continental air masses, particularly those 
associated with the wind sector west southwest, are predominant in the deposition process. Wet flux 
estimates were carried out using Slinn's approach. Results were also classified taking into account different 
wind sectors. Here, the wet flux of Pb and Zn is mainly related to wind sectors east/northeast, 
south southeast and local, the latter represents air masses w ith variable origin; w hereas those of Cd and Cu 
correspond to wind sectors west southwest and south southeast. Results showed that wet deposition is 
responsible for almost 70°-o of the total deposition into the Southern Bight of the North Sea. However, some 
topics, like heavy metal content in large aerosol particles, temporal distribution of precipitation events, 
variation of precipitation intensity aloft, need better knowledge before accurate assessments can be made.
K e y  K u rd  in d e x : Atmospheric deposition, aerosols. North Sea. heavy metals, aircraft sampling.
INTRODl CTION
There has been growing concern regarding the pollu­
tion of coastal and shelf systems of the North Sea. 
especially since Weichart (1973) concluded that the 
southern North Sea is one of the most heavily polluted 
areas. Recently there have been efforts to determine 
the relative importance of the different pathways 
through which trace metals and other toxic substances 
reach the marine environment. These sources are 
mainly rivers, piped discharges, dumpings, run-off 
from land and, last but not least, atmospheric fallout. 
Here, the atmospheric input is caused by processes 
such as cloud or raindrop scavenging of aerosol 
particles, known as wet deposition, and or by the 
transfer of gases and solid phases, known as dry 
deposition. Early studies reported by IDOE (1972) 
suggested that the atmospheric input of trace elements 
represents a significant proportion of the total input, 
relative to other pathways.
In order to estimate the atmospheric input of heavy 
metals and compare it with other pathways, Cambray 
e t  a l. (1975, 1979), Dedeurwaerder e t a l. (1982) and 
Dedeurwaerder (1988) conducted direct measure­
ments of dry and wet deposition. Despite the fact that
these constitute the first attempts to assess the atmo­
spheric fallout directly, the main drawbacks to their 
approach are: (i) predictions are based on coastal 
determinations; and (ii) the lack of reliability of the 
sampling technique, as has recently been discussed by 
Liss e t a l. (1988).
Due to a large number of constraints, direct meas­
urements of particle pollutant fluxes over the sea are 
scarce (Van Aalst, 1986). In order to overcome this 
problem, several authors have proposed, as an altern­
ative, the use of mathematical models to predict the 
atmospheric input of particulate matter to the North 
Sea. Indeed, Van Jaarsveld e t  a l. (1986) introduced a 
model capable of predicting such input, and also the 
contribution of source areas to the total deposition. 
Their model is based on emission inventories and a 
transport-dispersion approach. The main short­
coming of this model is that most of the meteorologi­
cal parameters such as wind speed, friction velocity, 
mixing height and rainfall statistics have been ob­
tained from in-land measurements.
Krell and Roeckner (1988) published a new ap­
proach to modeling the deposition of Cd and Pb. They 
use a stochastic trajectory model, emission inventor­
ies, meteorological data and estimates of precipitation
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and classified into specific particle types. Assignment to 
one specific source (marine or continental) it is not always 
evident Source apportionment is even made more difficult 
because there is hardly any distinction possible between 
some major particle types observed in either the aquatic 
or the atmospheric environment of the North Sea. On the 
contrary, chemical data from the atmospheric and rive­
rine/ estuarine environment can be used for selection 
criteria in the particle classification procedure.
During the collection of microlayer samples, the sea 
surface has to be very calm, which is not always the case 
in the North Sea. This might explain the low variation 
observed between the microlayer samples and the corre­
sponding bulk water samples and is probably due to mixing 
of the water layers.
An important part of the oceanic source of particulate 
matter is characterized by detritus (dead organisms) like 
biogenic skeletons of diatoms and foraminifera, but also 
coccoliths, phytoplankton with minor amounts of bacteria, 
yeasts, and fungi are found. The organic particulate matter 
was more abundantly observed in the microlayer than in 
the underlying bulk water and showed very good correla­
tion with the metal-rich fraction.
Aluminosilicates form the major particulate fraction 
(~30% of the total number concentration) classified in 
the North Sea water samples. We observed a relative 
enrichment for the bulk water compared to the microlayer. 
Most of these aluminosilicates are clay minerals that can 
partly originate from coastal sources due to marine erosion. 
Among the aluminosilicates, fly-ash particles were recog­
nized in the sea surface microlayer.
Silicon-rich particles represent about 20-30% of the 
total particle concentration. This particle type mainly 
contains resuspension material and detrital quartz but also 
biogenic features rich in silicon. Manual search for mor­
phological information showed the presence of diatom 
skeletons and fragments from sponges. There seems to 
be no preference for one of the analyzed water layers. 
Atmospheric deposition processes do not contribute to the 
total Si fraction in the water phase.
Si-rich and Ca-rich particulate material present in the 
North Sea can originate from various sources, e.g., sus­
pended matter that contains the same minerals as the 
sediment, transmutation of some mineral substances such 
as silica and CaC03 which dissolve and are precipitated 
by organisms, or continental aerosol (both natural or an­
thropogenic) deposition processes.
The Ca-rich aluminosilicates must have an aquatic 
(marine or riverine) origin since no chemical analogues 
were observed in air masses above the North Sea.
The relative abundances for the Fe-rich, Ti-rich, and 
metal-rich particle types are rather too low to observe any 
significant difference between the microlayer and bulk 
water. It seems that the Fe-rich particle number concen­
tration does not correspond well with the atmospheric 
number concentrations, whereas good similarity is found 
for the Ti-rich marine and atmospheric fraction. The 
metal-rich fraction showed very good correlation with the 
organic particulate fraction.
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Organic fraction
Calcium-rich aluminosilicates
Figura 12. Two-dimensional correlation plot of (a. top) aluminosilicate 
fraction versus organic particulate fraction, (b, middle) organic fraction 
versus metal-rlch fraction, (c, top) Ca-rlch fraction versus the Ca-rich 
aluminosilicate fraction.
interpreted the low molecular weight fragment ions of 
nitrogen as organic-N compounds such as dissolved free 
amino acids and primary amines. These authors suggested 
that high molecular weight organic nitrogen compounds 
are degraded by chemical processes (in the atmosphere or 
in the light-intensive upper seawater layer) to low mo­
lecular weight species, e.g., primary amines and ammo­
nium. Groups 2 and 3 classify respectively the organic and 
Si-rich particles. Here also, phosphates and sometimes 
nitrates were recognized in negative-mode spectra. The 
detailed composition of the organic material present in the 
surface microlayer is still unclear. Beside C„+ clusters, 
negative-mode fragments such as C„“, CNO“, HCNO”, and 
HCOO' could be identified. These have however little of 
no decisive value for compound determination. They ap-
Cut-off-threshold
Figure 13. Dendrogram representation after hierarchical clustering 
performed on the microlayer and bulk water samples of the North Sea 
showing the cutoff threshold for a three-cluster level.
Af K* Ca’ Fe*
Figure 14. LAMMA spectra of (a) an Fe-rich particle present In the 
buk water of the North Sea containing relative small amounts of the 
trace element Pb and (b) an aluminosilicate particle showing associ­
ations with Ba mass fragments.
peared in many particles. The LAMMA spectra are most 
likely a superposition of many different organic com­
pounds, and because of the fragmentation of long-chain 
hydrocarbons, a detailed structural interpretation of the 
spectra was not possible.
Positive LAMMA spectra of Ca-rich particles (group 4) 
often reveal the presence of Sr. This result is more or less 
expected since calcite is known to accommodate Sr in its 
structure. The metal-rich cluster (group 4) is mainly 
characterized by Fe and Ti. The Fe-rich phase especially 
seemed to contain the highest relative amounts of trace 
elements like Pb (Figure 14a) and Ba. Barium was also 
found to be associated with aluminosilicates (Figure 14b). 
Also some very surprising particle types were observed 
within this group, namely, mixed particles including Cu 
clusters with Cl and/or CN/CNO. Indeed, Cu as well as 
Al, Ti, Mn, Fe, V, Zn, Ni, Pb, Cr, and Cd could be sca­
venged by bubbles and transported to the air/sea interface 
(59). More likely, copper can undergo fractionation in the 
sea surface microlayer leading to salts having enhanced 
concentrations relative to bulk seawater, according to 
Chester and Murphy (60). Positive-mode LAMMA spectra 
revealed the presence of such elements (61).
Conclusions
Most of the analyzed particles in the microlayer and 
underlying bulk water could be chemically characterized
T a b le  IV . C u m u la tiv e  E ig en v a lu es  and  L o ad in g s  fo r  th e  
F i r s t  T w o  P r in c ip a l  C o m p o n en ts  D erived  fro m  th e  
C o v a ria n c e  M a tr ix  P e rfo rm e d  on th e  N o r th  S ea  M ic ro la y e r 
a n d  B u lk  W a te r  D a ta
principal
com ponents
1 2
cum ulative % 69 94
alum inosilicates 0.93 -0.34
Si-rich 0.10 -0.39
Ca-rich 0.06 0.97
Ca-rich alum inosilicate 0.11 0.89
Fe-rich -0.54 0.19
Ti-rich 0.12 -0.61
S i-S-rich -0.15 - 0.12
Al-rich -0.37 - 0.02
S-rich -0.33 0.01
organic -6.93 -0.34
m etal-rich -0.82 -0.47
(DPP) (13). The covariance matrix was used for the 
calculation of the principal components. The first two 
principal components explain more than 94% of the total 
variance in the data (Table IV). The loadings of the first 
two principal components are plotted in Figure 11a while 
the scores are represented in Figure lib . The first prin­
cipal component elaborates the difference between the 
aluminosilicates and the organic and metal-rich particles. 
This can be seen from the high negative correlation be­
tween these particle types. Indeed, a two-dimensional plot 
(Figure 12a) of the aluminosilicates versus the organic 
component shows a negative linear relationship (r = -0.74). 
Contrarily, Figure 12b shows the very good correlation 
between the organic fraction and the metal-rich particles 
(r = 0.94). The second component has high positive 
loadings on both the Ca-rich and Ca-Si-rich particle types 
(Figure 12c). The good linear correlation between these 
two particle types (r = 0.80) might indicate that these 
particle types can be apportioned to the same source.
When the results were studied on a three-cluster level 
using the results of Table IE as input data, the dendrogram 
as seen in Figure 13 showed that one cluster is composed 
of the sample ML3 together with B3, one cluster of sample 
ML4 with B4 and B5; and one cluster of ML1, BI, ML2, 
B2, and ML5. Except for the ML5-B5 pair that is sepa­
rated in different cluster groups, each microlayer and its 
corresponding bulk water sample are found in the same 
group. This means that the bulk and corresponding mi­
crolayer samples show more resemblance to each other 
than there is between the various microlayer and bulk 
water samples taken during the different cruises.
LAMMA Results. As mentioned previously, the 
LAMMA technique not only has better detection limits 
for most of the elements but is also able to detect elements 
such as C, N, and 0.
About 150 particles were randomly analyzed by LAM­
MA. Five major particle types could be discerned from 
these results, as shown in Table V; the relative percent 
abundance of each group is based on the EPXMA data. 
The given particle-type abundances should be considered 
as a slightly biased rough estimate of the actual situation 
since particles were sometimes subjectively selected on the 
basis of their appearance. No significant differences be­
tween microlayer and bulk water samples were observed. 
Group 1 is the most abundant and reveals the presence 
of aluminosilicate ions. Negative-mode LAMMA spectra 
revealed that phosphates and, less frequently, nitrates are 
found to be present on a large fraction of the alumino­
silicate particles. Graham et al. (58) already suggested that
«
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Figure 11. (a, top) Loadings of the first two principal components 
obtained by PCA or EPXMA of North Sea microlayer and bulk water 
results, (b, bottom) Component scores of the first two principal com­
ponents obtained from the same data set. Particle types: Org, organic; 
Me, metal-rich; Fe, Fe-rlch; Ti, Tl-rich; S, S-rich; Al, Akich; SI, Si-rich; 
Ca-Si, Ca-rlch aluminosilicate; Al-Si, aluminosilicate.
T a b le  V. A b u n d a n c e s  o f  P a r t ic le  T y p es  O b se rv ed  in  th e  
M ic ro la y e r  a n d  B u lk  S e a w a te r  o f th e  N o r th  S ea  A s 
O b ta in e d  by  LA M M A  A n a ly sis
group mass peaks observed % abund
1 Al+, S i+, SiO+
SiAlCV, SiA lO j', S i2A106" 
CP, NO-f, N 0 3- 
P 0 2-, PO3-, H2PO<-
46
2 C„+ (n = 1-10)
C„-, CNO-, HCNO-, HCOO-
19
3 Si+, S iO \  H S iO \ Si20 +, S i20 2+ 
S i0 2~, S i0 3-
26
4 (CaO)„+, (CaO)„H+ 5
5 Fe+, F e O \  Fe20 + 
(C uC N )X ' (X = CN or Cl)
(Cucucr
T i+, T iO +
4
the sea surface microlayer is a major source for organic 
phosphorus in the ejected drops. Mopper and Zika (11)
T a b le  II . R e la tiv e  X -ray  In te n s i t ie s  U sed  a s  C r i te r ia  fo r 
th e  C o n d itio n ed  S e le c tio n  o f  th e  P a r t ic le s  in  D if f e re n t 
P a r t ic le  T y p es
particle type criteria"
1 alum inosilicates Al +  S i +  K  +  F e > 9 0  and 15 <  Si
< 8 5
2 Si-rich Si >  85 and  A1 <  5
3 Ca-rich Ca >  70
4 Ca-rich alum inosilicates Ca +  Si +  Al +  K  +  Fe >  90 and 15
<  Ca <  70
5 Fe-rich Fe +  M n +  S +  Cl +  Cr +  Zn +  Cu
>  90 and Fe >  50
6 T i-rich  T i +  Si +  Fe +  M n +  C r +  Zn +  Cu
> 90 and  T i >  50
7 S i-S -rich  S i +  S >  75
8 Al-rich A1 >  50 and Si <  15
9 S-rich S >  75
“ B ased on relative X -ray intensities.
shows the criteria used for a particle to be selected into 
one particle type. The values in this table also refer to 
relative percent X-ray intensities that are normalized to 
the total net X-ray intensities of all elements collected from 
that particle. The same selection conditions were applied 
on each microlayer and bulk seawater sample. The con­
straints for these selection rules can be made more or less 
severe. However, overlap of the different groups must be 
avoided. The choice of the values for the selection rules 
can be deduced from measurement of standards or from 
the data obtained from reference samples. The selection 
criteria used were derived from the mean relative X-ray 
intensities of several characteristic particle types found in 
riverine suspensions and in air masses above the North Sea 
during either pure marine or continental sampling con­
ditions. The relative intensities and therefore the chemical 
composition of the specific particle types such as alumi­
nosilicate, Si-rich, Ca-rich, Fe-rich, and Ti-rich particles 
agree within less than 10% for these two different envi­
ronments. Particle types 7 (Si-S-rich), 8 (Al-rich), and 9 
(S-rich) were selected using severe conditions derived from 
atmospheric measurements.
The particle types, as defined by the selection rules, act 
as a replacement for the hierarchically obtained centroids. 
Since they are the same for all samples, no further clas­
sification routines are necessary.
The relative percentage abundances after such condi­
tional selectioning for each particle type in each sample 
is given in Table HI. The obtained data set shows good 
agreement with those obtained by the clustering technique 
(Table I). No significant differences were observed. The
good comparison gives an indication that most of the 
particles are classified according to the proper training 
vectors, which implies that these training vectors are well 
formed and separated in space and all 10 samples show 
high similarity in chemical composition for the clusters;
i.e., the same particle types are observed in both layers of 
the water column. There is also good agreement in 
chemical composition and elemental abundances for par­
ticles detected in the water phase of the North Sea com­
pared to those determined in the North Sea atmosphere 
or in estuarine and riverine suspensions. Thus, our as­
sumption for using these selection criteria is valid.
Closer inspection of the samples shows that, besides 
quartz, the Si-rich particle type is composed of different 
subclasses of particles with elemental composition of Si 
+ Cl, Si + Cl + S, Si + S + Ca, and Si + Cl + Ca. Con­
sidering the presence of Cl, S, and Ca, they are probably 
related to or derived from a marine or biological environ­
ment.
Significant amounts of Si, P, S, Mn, and Cr can be 
present in the Fe-rich particles. This cluster can be sub­
divided into five different Fe-rich particle types, namely: 
iron oxide/hydroxide/carbonate and particles rich in Fe- 
Si, Fe-Cr, Fe-S-P, and Fe-Mn. Most of them are believed 
to have an authigenic character (20, 36). The sometimes 
higher Si contents of these particles could indicate that 
aluminosilicates act as condensation nuclei for the pre­
cipitation of iron. Eventually, coprecipitation and/or 
adsorption of manganese oxides/hydroxides and of Mn(H) 
occurs (54). The association of P with Fe is due to ad­
sorption of P onto the iron oxides or hydroxides (55,56). 
The iron oxides, Fe-Mn, and Fe-Cr-rich particles were also 
found in a continentally derived North Sea atmosphere 
and assigned to industrial sources. Iron oxide and Fe- 
Cr-rich particles are both released into the atmosphere by 
ferrous metallurgy processes.
Other elements detected in single particles were V, Co, 
Mn, and Ni. They are associated with an organic fraction 
as they occur in crude oils as nonvolatile porphyrins (57).
The “rest” group found in Table III results from the 
remaining particles that could not be classified in one of 
the other clusters and comprise particle types like alu­
minosilicate, Si-rich, and Ca-rich particles. However, they 
have element abundances that do not fulfill the proper 
selection rules.
Principal Component Analysis (PCA). The varia­
tions of the characteristic particle types among the various 
samples can be studied by applying principal component 
analysis (PCA). The relative percent abundances of Table 
HI were taken as input data for a data processing program
T a b le  I I I .  R e la tiv e  P e rc e n t  A b u n d a n c e s  fo r  th e  N o r th  S ea  M ic ro la y e r  a n d  B u lk  S e a w a te r  S am p les"  a f t e r  C o n d itio n ed  
S e le c tio n
M arch 1986 M arch 1986 Nov 1987 Ju n e  1987 Ju n e  1987
particle type ML1 B1 ML2 B2 ML3 B3 ML4 B4 ML5 B5
Al, Si, Fe 14 32 21 21 47 65 34 45 6.2 16
Si 17 29 25 19 24 20 20 17 13 21
Ca 10 2.0 0.4 8 2.0 0.4 19 18 13 35
Ca, Si 3.5 0.8 0.4 10 1.6 0.4 6.0 8.6 2.2 15
Fe 3.5 2.4 2.0 1.6 1.0 0.4 4.4 1.6 10 1.6
T i 1.0 1.2 2.0 0.8 1.4 1.6 1.2 1.4 1.4 0.8
Si, S 0.3 0.2 1.4 0.4 0.2
Al 1.0 0.6 1.2 2.8 1.2 0.4 0.8
S 0.3 0.4 0.8 0.4 0.2 0.2
organic 42 24 34 22 15 1.4 2.0 0.8 36 4.4
M n+‘ 2.4 1.6 2.2 1.6 1.4 1.0 0.4 0.2 3.0 0.4
re s t' 6.0 6.2 11 11 4.4 9.0 12 7.2 15 4.4
“ D ates indicate cruise tim es. 6P ercen t abundance of particles th a t  contain various m etal elem ents (d ifferent from  Fe and T i). "P ercen t 
abundance of particles th a t  was no t classified in  either of th e  above selected groups.___________________________________________ ________
The mean Fe-rich particle diameter in the water phase 
is 1.4 Mm and is almost double the observed diameter of 
iron oxide particles in the air. The mean shape of this 
particle type is 1.9, which is expressed by the shape factor 
(SHF) and calculated as SHF = (perimeter)2/4ir area. It 
deviates strongly from sphericity (SHF = 1). However, 
the origin of these Fe-rich particles in the microlayer 
cannot be ascribed to one specific source on the basis of 
these data.
(7) Ti-Rich Particles. Titanium-rich particles were 
observed both in the microlayer and in the bulk seawater 
of the North Sea. Their relative number concentrations 
are again low (2% or less). The relative abundances cor­
respond very well to the atmospheric North Sea concen­
trations of Ti-rich particles {16). Also, the mean particle 
diameter (1.1 Mm) and shape factor (1.5) for this group are 
in accordance with the atmospheric fraction. These par­
ticles are thus more likely to be derived from continental 
pollution sources such as paint spray, soil dispersion, and 
asphalt production. However, riverine input into the 
North Sea may not be excluded. Both Bernard (36) and 
Van Put (20) found the presence of Ti-rich particles 
(probably rutile) in, respectively, the Scheldt and Elbe 
estuaries.
(8) Miscellaneous Particle Types. Occasionally, 
particles containing elements like Cu, Zn, Co, Cr, Ba, Pb, 
and Ni were detected. Among them, Cu, Zn, and Cr are 
the metals that were most frequently recognized. Figure 
10 shows a secondary electron image of a very large 
chromium oxide particle with a CaC03 particle sticking 
to its surface. Most of the metal-rich particle types have 
low number concentrations, and their abundance cannot 
be determined with high accuracy. This is the result of 
the abundance variations of the more abundant particle 
types influencing relatively the abundance of these met- 
al-rich particles. Nevertheless, their occurrence as indi­
vidual particles can sometimes be used as indicator for 
source apportionment because of their specificity. Most 
of these metal-rich particles were clustered together with 
the organic fraction. Sometimes relatively low X-ray 
counts were observed, and the sum of the X-ray intensities 
did not always add to 100% because of unidentified peaks. 
This might indicate an association of these metals with 
particles of organic origin.
Hood (44) reported great variation of both kinds and 
amounts of Cu, Mn, and Zn in the water column from the 
Gulf of Mexico, with Cu and Zn mostly associated with the 
particulate fraction and Mn in solution. Much of the Zn, 
substantial amounts of Cu, and small amounts of Mn were 
nondialyzable, that is, firmly bound to organic complexes. 
There is also indirect evidence of an organic-bound fraction 
of elements such as Mn and Zn (45), Fe (46), and Cu (47). 
It is known that some fungicides with chlorinated hydro­
carbons can have metal components such as copper (sul­
fate, naphthenate) and zinc (sulfite or oxide) (48).
Copper is a trace metal, and microlayer enrichment 
factors of 103—104 times are found relative to bulk seawater 
(9, 49). The concentration of dissolved Cu in surface 
waters of the coastal North Sea (average ~200 ng/L) is 
twice as high as that in remote open oceans (average ~100 
ng/L) (50).
Hunter (51) performed studies on the North Sea and 
found that both Fe and Mn were strongly depleted in the 
microlayer. He suggested that the phase bearing these two 
trace metals consisted of river-derived terrigenous material 
present on large particles. From comparing residence times 
of both atmospheric deposition and flotation, he deduced 
that bubble flotation formed the major process for the
Figure 10. Secondary electron micrograph and X-ray spectrum of a 
chromium-rich particle with a CaC03 particle sticking to Its surface.
enrichment of most trace metals in the microlayer.
Surface ocean concentrations of Pb have dramatically 
increased as a consequence of the “rainout” of man-in­
troduced lead from the atmosphere. Contents of Pb in 
surface waters of the Northern Hemisphere today easily 
reach 0.07 Mg of Pb/kg of seawater compared with esti­
mated prehistoric values of 0.01-0.02 Mg/kg (52). About 
49% of the total Pb quantity (3390 ton/yr) reaches the 
North Sea by atmospheric input routes and the other 51% 
by dumping activities (2400 ton/yr), rivers (970 ton/yr), 
and discharges (144 ton/yr) (53).
Conditional Selection of Particle Types. The mul­
tivariate classification procedure, as mentioned above, can 
be applied when there is no previous knowledge on the 
chemical composition of the samples. The hierarchical 
classification of particles into a certain number of char­
acteristic groups implies that indeed every particle will be 
added or pushed into just one group although there is only 
a marginal similarity. No completely satisfactory statistical 
test exists for determining the minimum number of sig­
nificant clusters. So, more often a rather biased method, 
the so-called cutoff-threshold method, is applied on the 
connection diagram that results from the hierarchical 
cluster routine. In order to avoid these problems and to 
check the results of the final clustering, we also performed 
a classification procedure on objects or particles into 
characteristic groups based on selection rules. Table II
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Figure 8. Particle size distribution for all calclum-aluminosllicate-rich 
particles present In the North Sea surface microlayer and underlying 
bulk water.
might indicate one major source.
Resuspension of a Ca-rich particle fraction into the 
marine atmosphere could occur during sea spray processes. 
Reactions with atmospherically S-rich species like S02, 
H2S04, or dimethyl sulfoxide (DMSO) might take place 
with the formation of CaS04 (37). This transformation 
process can be important for the atmospheric CaS04 
contribution in remote areas but will totally be suppressed 
by anthropogenic CaS04 emission sources in near-conti­
nental regions like the North Sea. During the March 1986, 
June 1987, and November 1987 sampling campaigns, sea 
spray production was an unimportant process, as was re­
flected by the absence of NaCl in the atmospheric samples. 
The absence of particulate CaS04 in the North Sea water 
samples can be explained by the sample preparation pro­
cedure applied. Indeed, during the washing procedure 
necessary for removing the salt fraction, other soluble 
particles like CaS04 will also be removed from the filter.
(4) Calcium-Aluminosilicate-Rich Particles. This 
particle type comprises aluminosilicates that are enriched 
in their Ca content. The relative abundances for this 
particle type are quite low. Except for the first micro­
layer/bulk water couple, comparable or somewhat higher 
concentrations are observed in the bulk water. The origin 
of these particles is not well-known. Several Ca-containing 
minerals are present in natural waters, such as anorthite 
(CaAl2Si20g), zeolites, pseudo-zeolites, clay minerals, and 
epidotes (38, 39).
Comparable element compositions were observed in 
brown-coal fly-ash samples (40). But since this particle 
type was totally absent in air masses collected above the 
North Sea, atmospheric transport processes can be ex­
cluded, ruling out the possibility that this particle type 
might be fly ash derived.
A size distribution of this particle type is shown in Figure 
8. The somewhat irregular shape of the distribution could 
suggest different sources or might be a reflection of the 
various minerals in the water phase.
(5) Organic Particles. Under conventional EPXMA 
measurements, elements lighter than Na cannot be readily 
detected and thus C, N, and 0  signals are not to be in­
terpreted from X-ray spectrum analysis. However, one can 
sometimes distinguish the inorganic fraction from the 
organic fraction since the latter exhibits a relative noisy 
background in its collected spectrum (41,42). Backscat- 
tered electron signals from organic particulate matter can 
sometimes exceed the image threshold of the Nuclepore 
filter. At least some of the organic particulate residue will
Figure 9. Secondary electron Image of an organic particle enclosing 
various salt particles.
then be localized, sized, and analyzed, showing no inter­
pretable X-ray peaks in the spectrum. Probably only the 
thicker or more dense organic particles such as biological 
material and microorganisms will give rise to sufficient 
backscattered signals.
From the EPXMA, it can be seen that organic material 
makes up an important part of the total particulate ma­
terial in the microlayer. For four couples of samples, a 
clear difference in organic contribution can be observed 
in favor of the microlayer. In one case (ML4-B4), the 
relative abundances are too small to observe any significant 
difference. Because of the lipophilic properties of the 
organic material, one expects the organic contribution to 
be more pronounced in the microlayer, as is also seen from 
these data.
It was sometimes observed that organic material was 
incorporating other particles like sea salt, CaC03, and 
aluminosilicates (Figure 9). It was not possible to deduce 
whether these particles exist in the water phase or whether 
they are combined during the filter preparation process.
Note that the organic fraction observed in these samples 
only reflects a part of the total organic particulate material 
present in the water phase since an appreciable fraction 
will escape detection by this technique.
(6) Fe-Rich Particles. The major particles classified 
in this cluster have Fe as only detectable element and thus 
must be iron oxide, hydroxide, or carbonate. The particle 
abundance concentrations are too low to observe any sig­
nificant differences between the microlayer and the un­
derlying bulk sea water. Except for the June 1987 cam­
paign, somewhat more abundant Fe-rich particles seem to 
be detected in favor of the microlayer. Their contribution 
for the June 1987 campaign is not in accordance with the 
sampled air masses above the North Sea since low number 
concentrations occurred in the corresponding air masses. 
In most of the marine sediments, an anoxic sulfate-rich 
environment can be encountered due to (a) the high initial 
S042- concentrations in the water and/or (b) organic sed­
iments with large benthic populations. Various Fe-S-rich 
phases can exist, such as pyrite, marcasite (FeS2), and 
organic matter. In oxic environments, as encountered in 
the coastal North Sea surface waters, hematite (Fe20 3) and 
goethite (FeOOH) form the major representers. Pyrite 
framboids can be formed through concentration of iron 
hydroxides and organic matter by biogenic activity by, for 
example, diatoms (43).
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Figure S. Secondary electron micrograph and X-ray spectrum of a 
skeletal fragment from a sponge present in the surface microlayer of 
the North Sea.
cycle of uptake of dissolved silica by silica-secreting mi­
croplankton is essentially maintained by the rapid disso­
lution of debris of silicified skeletons during settling. The 
riverine input and the release of dissolved silica from in­
terstitial waters play only a minor role in the distribution 
of dissolved silica in the ocean.
(3) Ca-Rich Particles. The relative abundance of this 
particle type varies from 0.2 to 35%. Some contradictory 
results are observed for the Ca-rich particle distribution 
between the microlayer and the underlying bulk water. 
For the first March 1986 sample, a higher microlayer 
abundance is observed, whereas for the second March 1986 
and second June 1987 samples, a more pronounced en­
richment is observed in the bulk water. No significant 
differences were noticed for ML3-B3 and ML4-B4.
Since no other elements beside Ca are detected, this 
particle type is identified as CaC03. The equilibrium of 
CaC03 in the marine environment is very complex because 
there exist two polymorph crystalline structures, namely, 
calcite and aragonite. Both substances are found in oceans, 
though calcite is the most important. Aragonite is some­
times formed during precipitation processes, especially 
from organisms. Secreted skeletal CaC03 can be either 
calcite or aragonite; if calcite, it can have a high or low 
magnesium content depending on the organism involved 
and/or the environmental conditions (35). Figure 6 shows 
a picture of a foraminifera particle as compared to a 
particle atlas (30). These are CaC03 skeletons, but of
Figure 6. Secondary electron micrograph and X-ray spectrum of a 
foraminifora particle found in the surface microlayer of the North Sea.
Figure 7. Particle size distribution for all calcium-rich particles present 
in the North Sea surface microlayer and underlying bulk water.
animals rather than plants, and calcium is by far the most 
intense X-ray signal in the spectrum. Many shapes and 
surfaces may be encountered.
Mg was detected in only very few particles (1-10% of 
the Ca-rich fraction). This might be the result of the high 
detection limit inherent to the applied fast-filter algorithm 
(FFA). Elements with very low atomic numbers such as 
Mg are not very efficiently deconvoluted by this spectrum 
deconvolution technique (36). The particle size distribu­
tion plot (Figure 7) shows a regularly decreasing shape and
Figura 3. Secondary electron micrograph and X-ray spectrum of a 
fly-ash particle found in the surface microlayer of the North Sea.
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Figure 4. Secondary electron micrograph and X-ray spectrum of a 
diatom observed in the surface microlayer of the North Sea.
campaign show that the air masses had long residence 
times above Eastern European countries. Therefore, even 
middle-to-long distance anthropogenic emission sources 
can be responsible for the input of particulate material into 
the North Sea surface microlayer and bulk water.
(2) Silicon-Rich Particles. For this particle cluster, 
the mean relative Si-K X-ray intensity ranges in values 
from ~72% for the ML3 sample to ~99% for the B1 
sample. All particles belonging to this class are denoted 
as Si-rich. Whereas the first March 1986 bulk sample is 
enriched in number concentration of Si-rich particles 
compared to the microlayer, the reverse is true for the 
second March 1986 sample. For the other samples, no 
significant differences were observed between microlayer 
and bulk samples. The Si-rich particle number concen­
tration in bulk and microlayer water is comparable for all 
samples (it accounts for about 20-30 % of the total par­
ticulate fraction). During the March 1986 and June 1987 
sampling campaigns also, higher Si-rich particle number 
concentrations were detected in continentally derived air 
masses above the sea surface (16). In contrast, no Si-rich 
particles were observed at all in the lower North Sea at­
mosphere while we found high concentrations in the water 
phase for the November 1987 cruise. So, there cannot be 
a direct correlation between the presence of Si-rich par­
ticles in the atmospheric and the aquatic phase of the 
North Sea.
It is known that Si can be removed effectively by or­
ganisms (26). In fact, a great part of the phytoplankton
in the sea consists of diatoms having a siliceous structure 
(27-29). Figure 4 represents a secondary electron image 
of a Si-rich particle observed in the microlayer. The highly 
symmetrical shape and the holes present in the structure 
suggest it to be a siliceous frustule from a diatom. They 
usually appear as flat structures with a regular array of 
holes. Figure 5 shows another Si-rich particle identified 
as sponge spicules (30). These are skeletal fragments of 
sponges and exist in thousands of shapes. Sometimes 
elements such as Ca, Cl, S, K, and even Fe are associated 
with them. Both the diatoms and the sponges were ob­
served throughout the whole water column. In general, 
the concentration of dissolved silicate is low at the surface 
water due to uptake by organic activity and increases with 
depth where regeneration occurs because of decomposition 
of organisms in the deeper layer (29). The concentration 
gradient between surface water and deeper water layers 
becomes more marked as biological activity increases (31). 
There are also other factors controlling the Si content in 
the seawater such as interactions of Si with clay minerals 
carried into the oceans by streams (32,33). The properties 
of the surface layer of sediments generally differ consid­
erably from those of the deeper layers and may strongly 
affect the mass transport across the water/sediment in­
terface (34). Mass balance estimations have shown that 
biological uptake of dissolved silica is 1 order of magnitude 
higher than that supplied by rivers and submarine activity 
(31). Biological activity in the seawater generates an ex­
tremely high chemical mobility of silica. The quasi-closed
T a b le  I. R e la tiv e  P e rc e n t  A b u n d a n c e s  fo r  th e  N o r th  S ea  M ic ro la y e r  (M L) a n d  B u lk  (B ) S e a w a te r  S a m p le s'1 a f t e r  
H ie ra r c h ic a l  a n d  N o n h ie ra rc h ic a l C lu s te r in g
M arch 1986 M arch 1986 Nov 1987 Ju n e  1987 June  1987
partic le  type ML1 B1 ML2 B2 ML3 B3 ML4 B4 ML5 B5
Al, Si, K, Fe 17 34 23 29 47 66 38 50 7.0 19
Si 19 31 32 21 27 26 26 20 21 24
organic 46 27 38 24 18 2.0 2.4 1.0 43 5.2
Ca 10 2.2 0.4 9.0 2.2 0.4 19 18 13 34
Ca, Al, Si 3.3 0.6 0.2 8.8 1.6 2.2 6.4 6.8 2.4 14
Fe 4.0 4.0 0.6 2.8 2.0 2.0 6.4 3.0 10 2.0
T i 0.8 1.2 2.0 0.8 1.8 1.6 1.4 1.4 1.6 0.8
“ Dates indicate cruise times.
could not be performed in optimum conditions. Finally, 
the loaded grid was mounted in the LAMMA sample 
chamber where 100-150 particles were randomly selected 
for analysis.
Bulk seawater was collected at the same location as the 
microlayer samples using a Niskin bottle at 1 m below the 
surface. The bulk water samples were treated and ana­
lyzed in the same way as described above.
R esu lts and  Discussion
EPXMA Results. A multivariate classification proce­
dure was applied to the elemental composition of five pairs 
of samples, each pair consisting of a microlayer sample and 
an underlying bulk seawater sample.
The elemental composition of each particle is deter­
mined by the relative percent X-ray intensity, as this ex­
presses the ratio of the net X-ray intensity of that element 
to the total net X-ray intensities collected from that 
particle. Particles that have different chemical compo­
sition most probably originate from different sources or 
have been exposed to different transformation reactions 
during their lifetime in the environment.
As indicated by Table I, seven representative particle 
types could be discerned and separated on the basis of the 
percent abundances of more than 13 elements by applying 
cluster algorithms. The standard deviations of the relative 
abundances can be calculated by binomial statistics. For 
a total of 500 particles analyzed in each sample, the 
standard deviations range between 1 and 5% on a 2<r 
criterion. In addition to the automated EPXMA described 
in the instrumentation section, each filter was screened 
visually in the secondary electron mode and sometimes in 
the backscattered mode in order to obtain an idea about 
typical particle morphologies. LAMMA was applied in an 
attempt to obtain more information about trace element 
composition, organic composition, and surface character­
istics. The different particle types will be discussed in 
more detail below.
(1) Aluminosilicates. The aluminosilicate particle type 
is characterized by high relative elemental X-ray intensities 
of Al, Si, K, and Fe and lower, though frequent contribu­
tions of Ti, Mn, and Cr. For all samples, the number 
concentrations of the aluminosilicate fraction is higher in 
the bulk seawater than in the microlayer. A size distri­
bution for this particle type is presented in Figure 2, and 
it shows a maximum number of particles at a diameter of 
0.8 jim. The cutoff at the lower site of the particle size 
distributions is mainly a consequence of two factors: (a) 
the magnification used during the particle analysis, higher 
magnifications allowing smaller particles to be detected, 
and (b) the setting of the cutoff for the backscattered 
threshold intensity criterion. No differences in size dis­
tributions were observed between the microlayer and bulk 
water aluminosilicates. The aluminosilicates can be sub-
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Figure 2. Particle size distribution for all aluminosilicate particles 
present In the North Sea surface microlayer and underlying buk water.
divided into two particle fractions, namely, those enriched 
in Fe and those depleted or poor in Fe. Van Put (20) 
observed the same particle types in an estuarine environ­
ment and assigned them to the respective sources of Fe- 
smectite and/or chlorite and to an illite clay mineral. Clay 
minerals are known to act as an adsorbent for trace metals 
and as a transport medium for riverine suspensions into 
the estuaries and ocean systems (21). Various marine clay 
minerals like kaolinite, illite, and chlorite absorb iron and 
chromium species from solution (22-24).
In some of the microlayer and bulk seawater samples, 
smooth and nearly spherical aluminosilicate particles were 
observed (Figure 3). These typical round-shaped aerosols 
are often observed after high-temperature combustion 
processes or might be formed during gas-to-particle con­
version processes. These particles could be identified as 
fly ash, and they maintain their structural integrity in an 
aquatic environment for extended periods of time (25). It 
is not possible to distinguish fly ash from, for example, soil 
dust on the basis of the relative X-ray intensities because 
their elemental compositions are very alike. Sometimes 
the distinction can be made by morphology studies, as was 
done here. Visual inspection in the secondary electron 
mode revealed that fly ash is more often found in the 
microlayer. The hollow and accordingly relatively low 
density structures probably have low sinking rates once 
they reach the water phase after atmospheric deposition. 
Especially during the November 1987 sampling cruise, the 
samples ML3 and B3 showed higher contributions of 
spherical aluminosilicate particles. The same observations 
were found for North Sea aerosols that were sampled at 
11 m above the sea surface during the same cruise (16). 
Here, the number concentration of spherical alumino­
silicates (fly ash) was much higher than normally observed. 
The 36-h air mass back-trajectories of the November 1987
Most of the previous microlayer research has been 
performed on chemical composition determination of the 
organic components or on distribution differences of heavy 
metal concentrations throughout the water column. The 
techniques are thus dealing with bulk analytical deter­
minations.
Recently, microanalysis techniques such as automated 
electron microprobe X-ray analysis (EPXMA) and laser 
microprobe mass analysis (LAMMA) have become avail­
able and can advantageously be applied to particulate 
environmental samples to complement measurements 
made by traditional bulk analysis methods. Beside 
chemical composition and morphological information, such 
microanalytical techniques can, for example, reveal 
whether a specific element or compound is uniformly 
distributed over all the particles of a population or whether 
it is a major or minor component of a specific particle 
group.
E xperim en ta l Procedures
Instrumentation. (1) EPXMA. Electron probe X-ray 
microanalysis (EPXMA) has been used to gain chemical 
and morphological information of micrometer-sized par­
ticles. Automated EPXMA in combination with multi­
variate numerical techniques can analyze and classify a 
large population of individual particles for each sample in 
a fast and efficient way. Using this, particles with similar 
chemical composition are grouped into classes that can be 
related to specific sources. Although concentrations below 
1000 ppm are hard to detect and elements with atomic 
numbers lower than sodium will not be observed, the au­
tomated EPXMA method is essentially fast and reliable.
All samples were measured with the aid of a JEOL 
JXCA 733 Superprobe, automated with a Tracor Northern 
TN 2000 system, which is controlled by an LSI 11/23 
minicomputer. The microprobe is equipped with a 10-mm2 
energy-dispersive Si(Li) detector for X-ray analysis, a 
secondary electron and transmission electron detector for 
morphological studies, and a backscattered electron de­
tector for the automated particle localization and addi­
tional composition and topographic viewing. Typical 
working parameters for characterization of particles in the 
0.2-10-jtm range are a beam current of 1 nA with an 
electron energy of 20 keV. Characteristic X-rays were 
accumulated for an acquisition time of 20 s per particle. 
The detection limits for the elements are typically around 
1-2%. A modified particle recognition and characteriza­
tion (PRC, Tracor Northern) software package was used. 
The analysis of one particle is performed in three se­
quential steps, localization, sizing, and chemical charac­
terization, after which the electron beam searches for the 
next particle. For each sample, 500 particles were ana­
lyzed. The particle diameter is measured based on the 
projected physical diameter and might differ from the 
aerodynamic diameter. To reduce the total data set, hi­
erarchical and nonhierarchical cluster analysis was per­
formed on the samples using a data processing program 
(DPP) software package {13) so that the particles with a 
similar chemical composition are classified in one “particle 
type”. Relative X-ray peak intensities were used as a 
measure for the elemental abundance. Principal compo­
nent analysis (PCA) was used to study the variations be­
tween the different characteristic particle types. Detailed 
information on all these mulivariate techniques is given 
by Bernard et al. {14), Raeymaekers et al. (15), and Xhoffer 
et al. {16).
(2) LAMMA. Single particles were also analyzed by 
laser microprobe mass analysis (LAMMA). In this tech­
nique, an individual particle is vaporized and ionized by
North Sea, English Channel, and Celtic Sea: ( - • - )  March 1986; (•••) 
June 1987; (------ ) November 1987.
interaction with a 15-ns pulse of a high-power Nd/YAG 
laser. The formed ions are extracted and accelerated into 
the drift tube of a “time-of-flight” mass spectrometer. The 
mass spectrum obtained from the laser pulse is detected 
by a secondary electron multiplier. The analog signal is 
digitized, stored in a 100-Mhz transient recorder, and 
transferred to a computer for further data handling. The 
instrument is interfaced to a Digital MINC computer, 
which is part of a laboratory automation network based 
on a VAX-VMX computer. LAMMA is a very sensitive 
and multielement technique, it gives inorganic spéciation 
and organic fingerprinting, but it is destructive. For 
further details concerning the LAMMA instrument, 
readers are referred to earlier publications {17,18).
Samples and Sample Preparation. Different sea 
surface microlayer and bulk seawater samples were col­
lected during three cruises in the southern bight of the 
North Sea under very calm weather conditions. Figure 1 
shows the followed trajectories and the respective sampling 
locations. The sea surface microlayer samples were col­
lected using the Garrett screen technique {19). The sam­
pler consists of a nylon window screen with openings of 
400 by 400 /im and a fabric thickness of 440 nm stretched 
in a plexiglass frame. To avoid contamination from the 
research vessel (smoke stacks, corrosion products, dirt and 
dust particles, etc.), an uncontaminated sampling zone 
several hundred meters upstream was reached by a small 
rubber boat. Approximately 50 mL of surface water was 
collected, representing a water film of ~100 tim. The 
sample was then transferred from the collecting screen to 
prewashed polyethylene bottles. After collection, the whole 
volume was immediately pressure filtered in a clean bench 
through 0.4-/tm pore-size Nuclepore filters (diameter 2.5 
mm) using a 50-mL syringe connected to a suitable filter 
holder. The loaded filters were flushed two times with 10 
mL of deionized Milli-Q water and air-dried prior to 
deep-freeze storage in Petri dishes.
For LAMMA, the samples were prepared as follows: 
after collection, filtration, and washing over a Nuclepore 
filter, particulate matter was resuspended by ultrasonic 
agitation in a clean test tube containing Milli-Q water. 
Finally, a drop of suspension was deposited on a thin foil 
of Formvar supported by 300-mesh electron microscope 
(EM) grids. Prior to LAMMA, the presence of the major 
elements composing the particles was checked by EPXMA. 
However, as the grids could not be carbon coated, EPXMA
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■ Five pairs of North Sea bulk waters and their corre­
sponding surface microlayer samples were investigated for 
their particulate matter content and chemically analyzed 
and characterized by electron probe X-ray microanalysis 
and laser microprobe mass analysis. Multivariate tech­
niques as hierarchical and nonhierarchical clustering in 
association with principal component analysis was per­
formed on a data set containing more than 3000 individual 
particles. This classification procedure yielded eight 
different particle types. Differences in particle type 
abundances for the microlayer and bulk water were ob­
served. They were apportioned to their most probable 
sources. The results were compared with atmospheric and 
riverine particle data. The domination of the major par­
ticle groups (aluminosilicates, Ca-rich aluminosilicates, 
CaC03, silicates, and organic particulate matter) suppresses 
the relative abundances of the metal-rich particles (Fe-rich, 
Ti-rich, and others). A conditioned classification was 
performed using selection criteria derived from riverine 
suspensions and atmospheric particulate North Sea data. 
Similar particle abundances were observed for both the 
multivariate and the conditional particle classification 
procedures.
In troduction
The sea surface microlayer is the channel of commu­
nication for material transfer between the atmosphere and 
the ocean. It is well-known that the surface microlayer of 
the ocean has unique chemical, physical, and biological
properties quite different from those of the water under­
neath, most of which are still poorly understood (2). Im­
portant processes for material transport from the sea body 
to the microlayer comprise diffusion, convection, upwelling, 
and rising of bubbles (2-4). Dispersion of the microlayer 
material into the bulk water mainly occurs by sinking of 
particles and dissolution of water-soluble molecules. 
Processes like bubble bursting (5) and the generation of 
aerosols by wind action are responsible for the upward 
transport into the atmosphere. Additional material 
transfer into the microlayer results from wet and dry at­
mospheric deposition processes.
Many pollutants (chlorinated hydrocarbons, petroleum 
hydrocarbons) may be concentrated and stabilized in the 
microlayer. These can, just as organic acids, proteinaceous 
material, and other surface-active organic substances, 
provide complexing sites for many heavy metals (Pb, Fe, 
Ni, etc.) and thus be responsible for the concentration of 
these metals at the water surface. High concentrations of 
metals (4, 6-8) and other trace substances are thought to 
be associated with particulate matter and surface-active 
organic material and foams (9-11).
Ideally, the microlayer thickness should only comprise 
the uppermost atomic water layer. Practically, it corre­
sponds more or less to a thickness between 0.1 and 3 fiva 
as defined by MacIntyre (12), which is near the extreme 
limit of nonturbulent kinetics with no wind. But much 
of the thickness of collection depends on the surface sam­
pling device (3).
Selected article #12:
Characterization of individual particles in the North Sea surface microlayer and 
underlying seawater: comparison with atmospheric particles 
C. Xhoffer, L. Wouters and R. Van Grieken 
Environmental Science and Technology, 26 (1992), 2151-2162
Marine Pollution) (1989) The atmospheric input of trace 
spcdes to the world ocean. Rep. Stud. GESAMP No. 38, 
World Meteorological Organization.
Gucrzoni S., Lenaz R. and Quarantotto G. (1988) Field 
measurements at sea: atmospheric trace metals “end- 
members’' in the Mediterranean. In Field Measurements 
and Their Interpretation. Air Pollution Report (edited by 
Beillce S , Moreili J. and Angeletti G.), Commission of the 
European Communities, 14, pp. 96-100.
Hangal S. and Willeke K. (1990) Overall efficiency of tubular 
inlets sampling at 0-90 degrees Grom horizontal aerosol 
Sows. Atmospheric Environment 24, 2379-2386.
Hohn R (1973) On the climatology of the North Sea. In 
North Sea Science (edited by Goldberg E  D), NATO 
North Sea Science Conférence, Aviemore, Scotland, 15-20 
November 1971.
Kretzschmar i. G. and Cosemans G. (1979) A five year study 
of some heavy metal levels in air at the Belgian North Sea 
coast Atmospheric Environment 13, 267-277.
Liu B. Y. H. and Lee K. W. (1976) Efficiency of membrane 
and Nudepore filters for submicron aerosols. Envir. Set 
TechnoL 10, 345-350.
Mænhaut W. and Raemdonck H. (1984) Accurate calib­
ration of a Si(Li) detector for PIXE analysis. Nucl. Instr. 
Meth. Bl, 123-136.
Mænhaut W, Zoller W. H., Duce R. A. and Hoffman G. L. 
(1979) Concentration and size distribution of particulate 
trace elements in the South Polar atmosphere, J. geophys. 
Res. 84, 2421-2431.
Mænhaut W, Selen K , Van Espen P , Van Grieken R. and 
Winchester J. W. (1981) PIXE analysis of aerosol samples 
collected over the Atlantic Ocean from a sailboat Nucl. 
Instr. Meth. ISi, 399-405.
Maenhaut W„ CorniUe P„ Pacyna J. M. and Vitols V. (1989) 
Trace element composition and origin of the atmospheric 
aerosol in the Norwegian Arctic. Atmospheric Environment 
23, 2551-2569.
Peirson D. H , Cawse P. A. and Cambray R. S. (1974) 
Chemical uniformity of airborne particulate matter and a 
maritime effect Nature 2S1, 675-679.
Pena J. A. and Thomson D. W. (1977) Isokinetic su p te r  for 
continuous airborne aerosol measurements. J. A k  Pollut. 
Control Ass. 27, 337-340.
Rojas G  M. and Van Grieken R. E  (1992a) Election 
microprobe characterization of individual aerosol par­
ticles collected by ancrait above the Southern Bight of the 
North Sea. Atmospheric Emhronment 26A, 1231-1237.
Rp)as G  M , Injuk J. and Van Grieken R. (1992b) Dry and 
wet deposition fluxes of Cd, Cu, Pb sad Za into the 
Southern Bight of the North Sea. Atmospheric Environment 
(submitted).
Schneider B. (1987) Source characterization for atawapheric 
trace metals over Kid Bight Atmospheric Emkvmnem  21,
1275-1283.
Steiger M , Schulz M , Schwikowski M , Ms— na K. and 
Dannecker W. (1989) Variability of aerosol sine distribu­
tions above the North Sea and its implication to dm dry 
deposition esthnstrs J. Aerosol ScL 28,1229-1232.
Stoesad R. (1987). Untersuchugea zu Nam und Trockenda- 
position von SchweimetaBea auf der Inad Pellworm. 
Ph.D. thesis, University of Hamburg, FX G .
Van Daalen I. (1991) Air quality and deposition of trace 
elements in the province of South-Holland. Atmospheric 
Environment 25A, 691-698.
Van Jaarsveld J. A, Van Aalst R. M. and Onderddiadea D. 
(1986) Deposition of metals from the atmosphere into the 
North Sea: modd calculations. Report RIVM 842015002, 
Bilthoven. the Netherlands.
Van Malderen H , Rojas G  and Van Grieken R. (1992) 
Characterization of individual giant aerosol particks 
above the North Sea. Emir. ScL TechsutL 26, 750-756.
Wang J. (1985) Stripping Analysis: Principles, Instrumentation 
and Applications. VCH Publishers, Deerfield Beach, FL.
Wiersma G. B. and Davidson G  L (1986) Trace metals in the 
atmosphere of remote areas. In Toxic Metals in the 
Atmosphere (edited by Nriagu J. O. and Davidson, G  L),
Nriagu J. 0.(1989) A global assessment of natural sources of 
atmospheric trace metals. Nature 338, 47-48.
Nriagu J. O. and Pacyna J. M. (1988) Quantitative assess-V A  pp. 201-266. Wiley, New York, 
ment of worldwide contamination of air, water and soils by ^ X hofler C , Bernard P., Van Grieken R. and Van der Au were
trace metals. Nature 333, 47-48.
Pacyna J. M. (1984) Estimation of the atmospheric emissions 
of trace elements from anthropogenic sources in Europe. 
Atmospheric Environment 18, 41-50.
Pacyna J. M., Semb A. and Hanssen J. E. (1984) Emission and 
long-range transport of trace elements in Europe. Tellus 
36B, 163-178.
L. (1991) Chemical characterization and aource appor­
tionment of individual aeroeol particles over the Norffi Sea 
and the English Channd using multivariate techniques. 
Envir. ScL TechnoL 25, 1470-1478.
Yaaqub R. (1989) Ph.D. thesis. University o f East Anglia, 
Norwich, U.K.
Table 7. Airborne concentrations (ng m ~3 ) for some marine and remote areas—literature values. Blanks mean no
data reported
Reference Location Cd Cu Pb Zn
GESAMP (1989) western Mediterranean 1.9 39 26
Baltic Sea 0J 35
Bermuda 0.2 3
North Atlantic 0.13 10
Guerzoni et al. (1989) Adriatic Sea 0.02 3.8 5.9
Ionian Sea 0.04 3.0 9.1
Maenhaut et al. (1979) South Pole <0.018 0.029 0.06 0033
Maenhaut et al. (1989) Norwegian Arctic 0.08 <0.9 3.0 3.9
Van Jaarsvdd et al. (1986) North Sea—model calculations 0.21 1.9 33 17
This work southern North Sea 1.4 11 55 67
In  T ab le  7 a  com parison  is m ade betw een the d a ta  
from  this study  and results from  som e o th e r m arine 
regions an d  rem ote areas o f  the  world. T he table also 
includes d a ta  for the N o rth  Sea, th a t were calculated 
w ith the  use o f  theoretical models. In  com parison  to  
the  o th e r sites the  S outhern  Bight o f the N o rth  Sea 
ap p ears  to  exhibit relatively high atm ospheric concen­
tra tio n s  o f the four heavy metals.
CONCLUSIONS
U sing a  w ell-equipped a ircraft bo th  to ta l and  size- 
fractionated  atm ospheric  aerosol sam ples were co l­
lected under isokinetic conditions and w ith a  fairly 
high spatial and  tem poral resolution. T he sam ples 
were analysed for four elem ents, i.e. C d, C u, Z n and 
Pb, an d  from  the results ob ta ined  the following co n ­
clusions can be inferred.
T he a tm ospheric  concen tra tions in the lower tro p o ­
sphere above the  Southern  Bight o f the N o rth  Sea are 
highly variable as a function of bo th  time and  location. 
R apid changes in the m eteorological s itua tion  are 
reflected w ithout delay in the a tm ospheric concen tra­
tions o f the  elem ents. Air masses w ith sou thern  and 
sou th easte rn  origin yielded the  highest concen tra tions 
for all elem ents. T he lowest concen tra tions were found 
for the  n o rth e rn  and northw estern  wind directions. 
A bove the  tem p era tu re  inversion layer, concen tra­
tions a re  m uch low er than  under the tem peratu re  
inversion  layer. M axim um  concen tra tions occur be­
tw een 100 and  200 m. In  general, the concen tra tions o f 
C d , C u , P b  and  Zn decrease w ith increasing altitude. 
H ow ever resuspension o f seaw ater aerosols does no t 
seem to  be an  im p o rtan t source process for the four 
elem ents above the N o rth  Sea. A good agreem ent 
betw een the C u, Pb and  Zn concentra tions as o b ­
ta ined  from  ship-based and  aircraft-based  m easure­
m ents indicates th a t sh ip  sam pling is valuable for the 
N o rth  Sea aerosol research.
T he m ass-size d is tribu tions for the fou r elem ents 
were b im odal w ith m axim a in the subm icrom etre and  
in the superm icrom etre  size ranges. There was a  clear 
difference betw een the  d is tribu tions o f the four ele­
m ents. P b  w as p rim ary  o f su b m k ro m e tre  size w hereas 
Z n  w as m ostly  o f superm icrom etre size. A sign ifican t 
frac tio n  o f each  elem ent w as associa ted  w ith  p artic les 
la rg e r th a n  16 /an . Such p artic le s co n trib u te  signific­
a n tly  to  th e  to ta l d ep o sitio n , in  sp ite  o f  th e ir low  
num erical ab u n d an ce an d  low  heavy m etal co n ten t 
(V an M aideren  et aL, 1992).
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Table 5. Total airborne concentration C,(ngm~3) and mass median aerodynamic diameter MMD (pm) at 
obtained from 11 sampling campaigns with the Berner cascade impact or
Wind
sector
Flight
no.
Cd Cu Pb Zn
c, MMD c, MMD c , MMD c , MMD
Southwest-west h 3.0 0.64 62 3.77 39 0.61 85 3J0
12 2.0 0.78 41 0.69 96 0.77 100 083
Northwest-north 6 0.6 0.72 12 1.76 13 0.80 41 1.03
5 1.2 0.45 19 0.12 36 1.68 66 1.17
15 0.5 0.51 28 0.56 57 0J5 75 2.18
Northeast-east 17 0.6 0.59 17 1.18 18 0.18 60 1.62
18 13 0.12 24 1.10 19 0.75 45 1.15
19 0.5 0.70 22 1.20 58 0.17 46 062
Southeast-south 8 3.7 0.89 147 0.10 63 0.30 93 2.50
0.8 0.62 84 1.44 67 0.12 48 2.63
Variable 9 0.5 1.0 23 0.16 40 0.22 51 4.29
Mean values 14 1.4 0.64 43 0.92 46 0.54 64 1.94
ten  (n o rth  H olland), a n d  a n  unm anned  gas platform  
o n  th e  N o rth  Sea (position  53°5’N , 2°11'E). Between 
M ay  1972 an d  A pril 1977, K re tzschm ar an d  Cose- 
m ans (1979) m easured  daily  co ncen tra tions o f heavy
Table 4. Average percentage mass fractions for Cd, Cu, Pb 
and Zn in five different size ranges, and associated standard 
deviations, as deduced from impactor samples
Particle size 
Oim) Cd Cu Pb Zn
<1 39±24 40±21 63±25 31 ±28
1-4 21 ±18 29+21 10±8 21 ±13
4-8 12±9 8± 7 9±5 22±14
8-16 19 ±  19 6±3 11 ±5 15 ±8
>16 9± 6 17 ±27 7±8 11 ±8
Table 6. Airborne concentrations (ngm 3) for the North Sea—literature values. 
Blank means no data reported
Reference Location Cd Cu Pb Zn
Peirson et a l (1974) 
Cambray et al. (1975)
Cawsc (1976)
Kretzschmar and 
Cosemans (1979)
Van Daaien (1991) 
Diederen and Guicherit 
(1981)
Flament et al. (1987) 
Schneider (1987) 
Baeyens and 
Dedcurwaerder (1991) 
Yaaqub (1989)
Stoessel (1987) 
Dedeurwaerder (1988) 
This work
Leiston
Lerwick
North Sea
Leiston
Gresham
Collafirth
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Fig. 6. Average elemental size distributions over all samples (error bars represent associated standard deviations).
in b o th  cases. F o r C u  the  average to ta l concen tra tion  
deduced from  the im p ac to r is 43 ng m 3 vs only 
10 ng m " 3 for the  filter. T he possibility  o f co n tam in a­
tion  was carefully exam ined. N o  likely exp lanation  
has been found. F rom  th e  size d is tribu tion  d a ta  mass 
m edian  d iam eters (M M D  values) were calculated  us­
ing a  co m p u te r rou tine  (V an Espen, pers. com m un.) 
w hich o b ta in s a  best-fit value o f the  stra igh t line 
p lo tted  on  log-probability  paper, as well as an  in te r­
po la ted  o r ex trap o la ted  value o f the  M M D  o f the 
aerosol. It ap p ears  th a t th e  M M D s for Cd, C u, Pb and  
Z n  are  betw een 0.4 an d  1.9 /rm. T his suggests th a t the
aero so l size d is trib u tio n  reached a  relatively  stab le  
s ta te  p rio r to  arriv in g  a t th e  sam pling  area.
T ab le 6 gives an  overview  o f lite ra tu re  values fo r th e 
p a rticu la te  C d , C u , P b  an d  Z n  co n cen tra tio n s in  th e  
m arin e tro p o sp h ere  ov er th e  so u th e rn  N o rth  Sea. T he 
d a ta  se ts cover a  relatively  long  tim e p erio d , o ver 16 
years. Som e o f th e  rep o rted  resu lts are  from  co asta l 
m easurem ents. P eirson  et al. (1974), C am  b ray  et al. 
(1975) an d  C aw se (1976) rep o rted  average m on th ly  
co n cen tra tio n s o f several elem ents, sam pled  a t six 
d ifferen t lo catio n s: L eiston  (Suffolk), L erw ick (Shet­
land), G resh am  (N orfolk), C o llafirth  (S hetland), P et-
Fig. 5. Seasonal variation of Cd. Cu. Pb and Zn in aerosols collected over the Southern Bight of the North Sea during
1988-1989 (average values in ng m "1 over all flights).
east and southwest-west wind sector. The notable 
particle size fraction over 16 jtm has some im portant 
implications for the calculation of deposition fluxes of 
trace metals to the sea surface (Steiger et a i, 1989). 
Fine particles were detected in high concentrations in 
all flights, except for northw est-north wind sector. The 
size distributions can be explained by the emission 
sources for the elements. Pb as a volatile element is 
emitted primarily from the combustion of leaded 
gasoline. Lesser quantities are emitted from the pro­
duction of nonferrous metals, coal combustion, waste 
incineration and o ther industrial activities. The an­
thropogenic Pb emissions to the atm osphere are far 
more im portant than the natural sources. The Pb on 
the supermicrometre particles may be associated with 
soil dust, fly ash particle and the other coarse material.
In  som e cases, th is can  reflect a ttach m en t o f a n th ro p o - 
genicaliy  em itted  su bm icrom etre P b  to  la rg e p artic le s, 
fo r exam ple w hen P b -co n ta in in g  p artic le s d ep o sit on  
so il th a t is subsequen tly  resuspended . Successive d e­
p o sitio n  an d  resuspension  processes m ay  g rea tly  a lte r 
the shape o f th e  size d is trib u tio n  as m a te ria l is tra n s­
p o rted  th ro u g h  th e  en v iro n m en t C d , C u  an d  Z n  a re  
em itted  m ainly  from  sta tio n a ry  sou rces, in clud ing  
n onferrous m etal p ro d u c tio n , w aste in c in era tio n  an d  
fossil-fuel co m b u stio n . T hese processes p ro d u ce a  
w ide v arie ty  o f p artic le  sizes.
E xcept for C u , th e  m ean values fo r th e  to ta l 
(sum m ed) elem ental co n cen tra tio n s from  th e  im p act o r  
sam pling  system  (T ab le 5) w ere found to  ag ree reaso n ­
ab ly  w ell w ith  co n cen tra tio n s from  bu lk  filte r sam ples 
(T able 1), a lth o u g h  th e  sam ple sets w ere n o t iden tical
difference was quite  small, presum ably  because o f 
difference in height o f the tem perature  inversion an d  
m ixing layer. T he m ixing layer m ay extend som ew hat 
over the tem peratu re  inversion layer because o f the  
tem p era tu re  difference betw een em itted  pollu ted  a ir 
an d  the  am bien t air.
T h e  vertical concen tra tion  profiles o f the four 
m etals o f  interest, under the  tem pera tu re  inversion 
layer, are  show n in  Fig. 4. A decreasing trend  w ith 
increasing elevation  is observed for all dem en ts, bu t 
th ere  a re  differences in  the concen tra tion  profiles, 
w hich m ay be related  to  differences in  sam pled a ir 
m asses (m arine o r  continental). Sam ples collected a t 
certa in  heights m ay have different orig ins and  will 
yield different concen trations. F u rth erm o re , the  sea­
sonal variations, w inds an d  a tm ospheric  stability , can  
a lso  have an  effect on  the vertical d is tribu tions o f the 
po llu tan ts. Significant co ncen tra tions are  less fre­
quently  observed a t high a ltitudes in  au tu m n  an d  
w inter th an  du ring  the o th e r seasons (Fig. 5). T his is 
because the  tem perature  inversions occur usually a t 
low er a ltitude du ring  the  cold  seasons, typically be­
tw een 700 an d  1000 m. T he C d profile is qu ite  uniform , 
b u t th is is partially  an  artefact due  to  the significant 
nu m b er o f sam ples w ith co ncen tra tions b d o w  the 
detec tion  lim it (around  0.3 ng m ' 3 ). T h e  C d, Cu, Pb 
an d  Z n concentra tions for 100-300 m (track  5) are 
no tab ly  h igher th an  a t h igher elevations. Sam pling 
tracks perform ed a t very low a ltitudes (a round  10 m) 
were in tended to  help in assessing p a r tid e  resuspen­
sion and  d ry  flux determ inations. B ut the results 
indicate th a t the  co n trib u tio n  o f the sea to  the trace  
m etal levels a t the lower altitudes should  be relatively 
u n im p o rtan t for the N o rth  Sea a rea  under favourable 
a tm ospheric  conditions.
T able  3 com pares the  a ircraft-based  m easurem ents 
(P H -E C O ) w ith ship-based m easurem ents (R.V. Bel- 
gica) o b ta ined  in a  previous study (Xhoffer et at., 1991). 
A lthough  the sam ples were collected in different 
periods (1984-1988 for the ship, an d  1988-1989 for 
th e  aircraft), they were collected in the  sam e a rea  and  
w ith com parab le  sam pling equ ipm ent. T he good 
ag reem ent betw een b o th  d a ta  sets indicates th a t ship- 
based  sam pling  is no t biased by co n tam in atio n  from  
local po llu tio n  sources.
T he results o f the size-segregated m easurem ents for 
C d , C u , P b  an d  Z n  are presented  in Fig. 6, w here the 
average m ass fraction and  associated  s tan d a rd  devi­
a tio n  are  displayed as a  function  of the  m ass m edian  
d iam ete r for every size fraction  range. As indicated  by 
th e  ex ten t o f the s tan d ard  deviations, the  size d is trib u ­
tions o f the  individual sam ples exhibited considerable 
variability . H owever, it should  be po in ted  o u t th a t an  
appreciab le  e rro r is associated w ith the  analy tical d a ta  
p rim arily  because of the  very sm all quan tities o f trace 
m etals. A large fraction o f the m easurem ents, espe­
cially in the  case o f C d and  C u, were below  the  
analy tical detec tion  lim it o f the  D PA SV  technique, 
an d  in such cases half o f the  detec tion  lim it was used. 
Also a  possible e rro r due to  som e non-isokinetic
□ < *  ■ < *
Fig. 4. Vertical coaceatratioa profiles for Cd.Cu.Pfe 
and Zn.
Table 3. Aircraft-based vt ship-based measurements of at­
mospheric particulate trace dement*. Concentrations in 
n g m '3
Cu Pb Za
R.V. Belgica.
Southern Bight of the North Sea (Xhof­
fer et al,  1991) 92 77 no
PH-ECO:
Southern Bight of the North Sea—tea 
level (this work) 9.8 73 83
collection o f the  large particles can n o t be fully ex­
cluded. F u rtherm ore , processes like bounce-off o f 
particles from  the  front edge o f the  inlet, transm ission  
loss in the inlet due to  g rav ita tio n a l settling a n d  d irect 
wall im paction  m ay change the  aeroso l c o n cen tra tio n  
an d  size d is trib u tio n  som ew hat du rin g  sam pling  
(H angal an d  W illeke, 1990). B ut, despite  th e  large 
uncertain ties, the  d a ta  show  reasonable pa tte rn s. AO 
size d is tribu tions a re  essentially  b im odal w ith  one  
m axim um  betw een 0.09 a n d  0.7 fan a n d  a  second  
m axim um  in the  coarse  partic le  range. S im ilar bi­
m odal sp ec tra  have also  been rep o rted  fo r to ta l m ass 
size d is trib u tio n  o f  a tm ospheric  particles (S teiger et aL, 
1989; B ouchertall, 1989).
F ro m  F ig  6 it ap p ears  th a t there  a re  d e a r ly  im p o rt­
an t differences in  the  size d is trib u tio n s o f  th e  fo u r 
elem ents. T h is is a lso  d em o n stra ted  by  T ab le  4  w hich 
presents percentage m ass fractions for five size ranges. 
P b  is prim arily  o f subm icrom etre  size, found  m ostly  in  
the sm allest size range. C d, C u  a n d  p articu larly  Z n  a re  
associated  m ostly  w ith  particles larger th a n  1 fan, 
a lthough  significant am o u n ts  o f subm icrom etre  C d , 
C u  and  Z n  are  also  detected. T h e  highest co n cen tra ­
tions o f coarse  particles were found  for th e  sou theast-
)
Table 1. Concentrations of Cd, Cu, Pb and Zn, in aerotob above the southern North Sea, 
as a function of wind direction, collected during 18 flights in 1988-1990. Flights 1 and 10 
were test flights, flight 16 engine failed, flights 20 and 23 were performed only at low 
altitudes (average values in ng m - J ±standard deviation; <i = number of data)
Cd Cu Pb Zn
Sector southwest-west
Flight 2 #i=6 18 ± 1.1 12±4 40±10 34±10
Flight 3 #1 =  6 0.8 ±0.7 10±4 54±30 54±31
Flight 11 n=6 0.5 ±0.3 4±5 21 ±17 21 ±21
Flight 12 n —6 O4±0.2 7±8 39±34 31 ±25
Flight 22 *=6 3.7 ± 1 6 50±59 38±25 55±39
Sector northwest-north
Flight 6 n = 6 0 4 ± 0 4 3±3 7±2 3±1
Sector northeast-east
Flights #i = 6 16 ±10 3±0 53±2S 89±55
Flight 15 #1 =  6 1.4 ±1.8 2±1 38 £23 65 ±45
Flight 17 «=6 09 ± 0 6 7±5 68 ±33 I7±36
Flight 18 «=6 0.4 ±0.1 8±6 49±25 61 ±20
Flight 19 n =  6 03 ±0.2 6±8 30±17 41 ±28
Sector southeast-south
Flight 7 n —6 09 ± 08 10±2 U3±21 157±38
Flight 8 « = 6 0.3 ±01 6±2 98±24 132±47
Flight 13 #i=6 7.9 ±5.5 21 ±24 148 ±78 143 ±74
Sector variable 
Flight 4 #i = 6 0.4 ±0.4 5±3 S3±26 88±S5
Flight 9 #i = 6 0.4 ±0.1 7±6 33 ±41 43 ±52
Flight 14 »i = 6 11±11 7±11 68±  18 56± 13
Right 21 n — 6 0.5 ±0.4 15 ±  17 50-±37 60±42
Averages
Southwest-west n = 30 1.4 ±  1.7 16±30 38±25 39±29
Northwest-north #1 = 6 0.4+0.4 3±3 7±2 3±1
Northeast-east n = 30 0.9 +1.2 5±5 45 ±27 64±38
Southeast-south n=18 3.1 ±4.7 12± 15 120±51 144 ±53
Variable <i = 24 0.9 ±1.2 9 ±  11 51 ±32 62±44
All sectors <1=108 1.3 ± 23 10+18 55±44 67 ±54
weighted for wind sector freq. 1.4 ± 1.0 10 ±10 50 ± 14 58 ± 16
range 0.3-12 3-170 5-247 3-220
m ade o f the  wind d irec tion  d is tribu tion  d a ta , as 
rep o rted  by H ohn  (1973), for the sou thern  p a rt o f the 
N o rth  Sea. As expected, the  highest co n cen tra tio n s for 
all elem ents a re  found for the  so u theast-sou th  wind 
sector. T he true  trace  m etal concen tra tions for the 
n o rth w est-n o rth  w ind sec to r m ay be even low er th an  
reported , because the m easu red  levels were often  close 
to  o r  even less th an  the  analy tical detec tion  lim it. In  
the  la tte r cases, half o f th e  detec tion  lim it w as tak en  as 
co n cen tra tio n  value. It is obv ious th a t even for the 
flights classified in the sam e w ind sector, im p o rtan t 
differences in air-m ass h is to ry  m ay exist, so th a t the 
heavy m etal co n cen tra tio n s m ay vary qu ite  signific­
an tly  w ith in  each w ind sector. Sm all changes in the 
backw ard  air-m ass trajeefories m ay indeed have a 
large influence o n  th e  'a tm o sp h eric  con cen tra tio n , 
since som e o f th e  m ore  im p o rtan t em ission sources 
such as industria l a reas are  co n cen tra ted  geo­
graphically . F u rth e rm o re , it should  be stressed  th a t 
o th e r m eteorological p aram eters  such as the  a tm o ­
spheric stab ility  an d  th e  height o f th e  m ixing layer 
have a  large influence o n  the  trace m etal co n cen tra ­
tions in  the  air.
Table 2  Average concentrations (ng m '1) of different de­
ments in aerosols above the temperature inversion layer 
(TIL) compared with the data for just under the iavenioa 
layer during seven flights in 1988-1990 over the southern 
North Sea (average value ±  standard deviation)
Element Above TIL Under TIL
S 1960 + 340 4900±84S
K 135 ±29 344 ±66
Ca 108 ±24 285 ±76
Fe 114 ±  26 275 ±45
Cu 5±2 9± 3
Zn 28±8 63 ±13
Cd 0.4±O3 1.1 ± 0 8
Pb 27±8 50± 10
F o r the track s th a t w ere flown ju s t above th e  
tem p era tu re  inversion layer m ean co n cen tra tio n s 
were calcu la ted  an d  co m p ared  w ith  th e  d a ta  fo r ju s t 
under the  inversion layer (T able 2). T h e co n cen tra­
tions above th e  tem p era tu re  inversion lay er a re  d e a rly  
low er th an  those  undernea th ; a ro u n d  a  fac to r o f  2 J  fo r 
Cd, C u , P b  an d  Zn. F o r  som e flights, how ever, th e
Fig. 2. The 1000 hPa air-mass trajectories for air masses arriving at the sampling 
site originating from five different wind sectors. “Local” refers to variable wind 
sector. The figures indicate flight number.
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by the n o rth  A tlan tic  O cean  an d  th e  E nglish  C hannel. 
O nly  one flig h t (no . 6) w as classified  in  th e  n çrth w est- 
n o rth  secto r, w here an y  co n tin en ta l influence can  be 
excluded . T he resu lts from  th is flig h t ca n  be co n ­
sidered  as rep resen tativ e  fo r th e  N o rth  S ea a tm o ­
sphere b ack g ro u n d . R esults fo r th e  n o rth east-ea st 
secto r a re  re la ted  to  em issions in  B elgium , th e  N eth e r­
lands, th e  ce n tra l a n d  n o rth e rn  p a rt o f G erm any , 
ea ste rn  E u ro p ean  co u n tries, th e  B altic  S ea an d  Scan­
d in av ian  co u n tries. H eavy m etal co n cen tra tio n s fo r 
a ir  m asses o rig in a tin g  from  th e  so u th east-so u th  sec to r 
resu lt from  em issions in  B elgium , th e  n o rth e rn  p a rt o f 
F ran ce an d  th e  so u th e rn  p a rt o f G erm any . Fm afiy, 
aero so ls co llected  d u rin g  flight nos 4 ,9 ,1 4  a n d  21 w ere 
o b ta in ed  u n d er low  w ind speed an d  v ariab le  w ind 
d irec tio n  co n d itio n s. T ab le 1 also  gives n o rm al av er­
age an d  w in d -d irectio n  w eighted average co n cen tra­
tio n s o ver a ll secto rs. In  ca lcu la tin g  th e  la tte r  use w asFig. 3. Overview of the sampling and analysis.
speed in the narrow section will be higher than the true air 
speed of the aircraft and thus the pressure at that section will 
be lower than the ambient pressure. At the narrow section the 
back-end of the aerosol sampling lines were placed. Because 
of the Venturi-effect, air is drawn from the exhaust and the 
Venturi operates as a pump. The use of four Venturis placed 
on the wings results in a slightly higher fuel consumption if 
the same speed is to be held, which is necessary for isokinetic 
sampling conditions. Since the aircraft is used for sampling st 
different heights and thus under different atmospheric pre­
ssures, standard flow rate devices cannot be used because 
their readings depend on the ambient pressure. For the flow 
rate measurements of the Nudepore and the Teflon filter a 
Brooks model 581 IN thermal mass flow-meter «ras used in 
combination with a model 5851 pressure controller. In the 
range between 0 and 1001 min ~ ',an  accuracy of 5% can be 
achieved with this apparatus.
In our experimental set-up, a 47 mm diameter ’‘aerosol- 
grade’' Nudepote filter with 0.4 fan pore size «ras used The 
operational flow rite of approximately 501 min *1 results in 
a face velocity of 60-70a n s -1 and a filter pressure drop of 
20 cm H g The collection efficiency is estimated to be above 
90% for particles with a diameter >0.2 jim. Besides the 
Nudepote filter, a 47 mm diameter Teflon filter (Millipore, 
type FA) «rith 1 /an pore size «ras used This filter has a 
collection efficiency above 99.99% for partides between 0.03 
and 1 /on (Liu and Lee, 1976). For size-differentiated aerosol 
sampling, a nine-stage low-pressure Berner LPI/0.06/30 
cascade impactor «rith equivalent aerodynamic cut-off dia­
meters of 0.06.0.125,0.25,0.5,1,2,4,8 and 16 /an was used 
(Berner and Lurzer, 1980). The impaction films consisted of 
10 /an thick uncoated aluminium foils which are held in place 
by a spacer. A flow rate of 30 (  min “ 1 and a pressure of 
150 hPa were maintained through the use of a high-volume 
pump, which was powered by the 24 V generator of the 
aircraft.
The ambient temperature was measured with a PT-100 
thermocouple (Rosemount, model 102 E) Temperatures 
between —20 and +40°C can be measured «rith an accuracy 
of 0.25°C and a maximum resolution of 0.01’C. The dew 
point is measured with a Meteolabar A.C. model PT3-S 
device that has a measuring range from — 30 to +40°C with 
a resolution of 0.l°C. Air velocity and height are measured 
with two pressure meters, PDCR 10/2L and PDCR 10/T, for 
measurements between 0 and 1050 hPa, and bct«recn 0 and 
200 hPa, respectively. The use of a Doppler 91 sensor unit 
with a RNS 252 Navigation compass (RACALL) allows 
determination of the position «rith an accuracy of 0.1 nautical 
mile and measurement of the wind speed with an accuracy of 
1 tn s " 1.
All sampling flights were performed in the same way, in dry 
periods with few clouds (maximum 3/8), mainly under the 
temperature inversion layer (see Fig 1). The wind speed over 
all sampling campaigns was between 2 and 13 m s" Before 
take-off at Rotterdam and during transit to the Goerce 
platform (position 51°55'N, 03°40'E) all equipment was 
tested. One upward spiral track was performed at Goeree, 
during which sulphur dioxide and ozone concentrations, as 
well as temperature and dew point were monitored in order 
to localize the temperature inversion height which is taken as 
the boundary of the mixing layer. Then six horizontal tracks 
(25 min, 100 km) were flown at different heights equally 
spaced under the temperature inversion layer. The last track 
was performed at minimum altitude, 10-15 m above the sea 
level. Filter samples were Collected on each truck while 
impactor samples were collected between the start of track 1 
and the end of track 5 with a total sampling volume of 4.5 m3. 
In some flights, 1 or 2 tracks were flown just above the 
inversion height, to measure concentration differences. All 
tracks were flown parallel to the wind direction in order to 
sample an air mass of which the history can be traced back as 
a well-defined back trajectory. For each flight, four 36-h back 
trajectories were calculated for four different levels (1000,900,
Fig 1. Flight scheme for an amusmd len p w l m  
inversion height of 1300 cm.
850 and 700 hPa) and for tvro ssmpBag H an, at the ba­
ginning and at the end of sampling (Fig 2).
Analysa
The Teflon filters and cascade impactnr samples wars 
analysed with differential puke anodic stripping voltam­
metry (DPASV) whereas the Nudepoic fibers n u n  anaiyaad
«rith proton-induced X-ray emission (FIXE). The inham 
metric measurements were done by Model 264 (BGffiG 
Princeton Applied Research, Princeton, NJ) rnnasrmd to a 
Model 303 static mercury drop electrode unit (Wang 19(5) 
The aerosol samples were extracted for the analysis aaiag a 
single 60 min ultrasonic extraction in 10 ail uhnpure water, 
prepared by a Mihpore Milli-Q purification unit, and acidi­
fied to pH 1 «rith 70 /d of Merck Suprapure rower at rated 
nitric acid. For the determination of Zn, the ichstiow «ras 
neutralized to pH 4 by adding 1500 /d of 0.1 M NaAc. 
Quantification was done by standard additioa using t«ro 
spikes for each dement. Calculation of the concentration was 
based on measurement of the peak heights. The FIXE 
analysis of the Nudepoce filter samples was carried out with 
the PIXE set-up of the University of Ghent (Maeahaat et aL, 
1981) The calibration beton  for this set-up «rare deSsnsmed 
as described by Maenhaul and Raemdoock (19(4) No 
matrix corrections were carried out in view of the light 
sample load. Analytical precision «ras typically about ±  10% 
for DPASV, and ±  5% for PIXE analysis. An overview of the 
sampling and analysis scheme is presented in Fig 3.
RESULTS AND DISCUSSION
As a  resu lt o f the  geographical variability  o f th e  
an th ro p o g en ic  em ission sources a ro u n d  th e  Southern  
Bight o f th e  N o rth  Sea, different w ind directions wffl 
result in different co n cen tra tio n s o f  a ir  pollutants 
above the so u th e rn  N o rth  Sea. Therefore, our rem its 
were classified in to  five w ind sector* accordin g  to  the 
a ir-m ass h is to ry  as inferred from  th e  back-trajectories.
T able  1 lists the  average C d, Cu, Pb and Z a 
co ncen tra tions averaged  over all six  «amptmg tracks 
for the  different «rind sectors. T he large standard  
deviations indicate  th a t th ere  is a  significant vari­
ability  in  the  a tm ospheric  concen tra tions. Sasnpha 
collected for the southw est-w est sector are iaflwrannrl 
by em issions from  th e  U n ited  K ingdom  and the 
no rthw estern  p a r t o f  F rance , but to  som e extern also
4.-JÎ.13
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Abstract—In an effort to assess the atmospheric input of heavy metals to the Southern Bight of the North 
Sea, aircraft-based aerosol samplings in the lower troposphere were performed between Sapât mbcr 1988 and 
October 1989. Total atmospheric particulate and size-differentiated concentrations o f Cd, Cu, Pb aad Za 
were determined as a function of altitude, wind direction, air-mass history sod season. The obtained data are 
compared with results of ship-based measurements carried out previously aad with literature values of Cu, 
Pb and Zn, for the marine troposphere of the southern North Sea. The results point out the high variability 
of the concentrations with the meteorological conditions, as well as with time aad location. The 
experimentally found panicle size distributions are bimodal with a significant difference in fractions of small 
and large particles. These large aerosol particles have a direct and essential impact on theair-to-aea transfer 
of anthropogenic trace metals, in spite of their low numerical abundance and relatively low heavy metal 
content.
Key word index: Trace metals, aerosols. North Sea, concentrations, size distributions.
INTRODUCTION
For many years, research on pollution of the N orth 
Sea marine environment has focused on the most 
obvious inputs: those borne by rivers and direct 
discharges of wastes. In the work of Cambray et al. 
(1975), a first indication can be found that the atm o­
spheric input of trace metals to the N orth Sea might 
also be a significant input route. Since then, many 
detailed studies were carried out in order to quantify 
man-m ade emissions (Pacyna, 1984; Pacyna et al., 
1984; Nriagu and Pacyna, 1988), or to  estimate natural 
inputs into the atmosphere (Wiersma and Davidson, 
1986; Nriagu, 1989).
In this work, attention is focused on atmospheric 
concentrations and size distributions of the toxic 
heavy metals Cd, Cu, Pb and Zn, sampled at different 
altitudes and under varying atmospheric conditions 
over the Southern Bight of the N orth Sea. The present 
study is part of an investigation concerning the atm o­
spheric deposition of heavy metals into the N orth  Sea 
(Rojas et al., 1992b) I s  addition to bulk analysis, 
single particle analyses were carried out. About 50,000 
individual aerosol particles were analysed by electron- 
probe X-ray microanaiysis and the different aerosol 
sources were identified by classical cluster analysis of 
the data  (Rojas et al., 1992a) while special attention
$To whom correspondence should be addressed.
was paid to  the size distribution, composition and 
sources of the giant aerosols (Van M alderen e t aL,
1991) Also laser microprobe mass analysis was ap ­
plied to study inorganic com pounds and trace element 
composition at the single particle level (Dierck e t aL,
1992) .
EXPERIMENTAL
Sampling
The aircraft used is a twin-engine Piper Chieftain (PA-31- 
350, call-sign PH-ECO) of Geosens B. V, Rotterdam, the 
Netherlands. It has been modified in order to perform a large 
variety of atmospheric research tasks When fully equipped 
and using a crew of four persons, the flight time is hmitnri to
4) h. Considering the transfer time between the Rotterdam 
airport and the North Sea, a useful sampling time of 3^ h is 
available during each flight
The collection of aerosol ««mpir» was performed in a 
period spanning from September 1988 to October 1989. The 
sampling device consisted of the Pennsylvania State Univer­
sity (PSU) isokinetic intake (Pena and Thomson, 1977) 
mounted on the roof of the aircraft in such way that the 
intake is located outside the boundary layer of the aircraft 
and that no particulate or gaseous matter coming tram the 
exhaust of the two engines can be samplnd
In the PH-ECO aircraft a quadruple Venturi-effect bused 
pump-system is installed that requires no electric power at e l  
and is capable of drawing approximately S0Smm~‘ of air 
through two parallel filters. The so-called "Venturi pump* 
consists of an inner and outer tube. The inner tube urm w a 
from 26 to 16 mm diameter after 1 cm. In this way, the air
AC(A) lCtl4-C
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Tabel 6 : Procentuele bijdrage van de verschillende toevoerwegen voor Cd, Cu, Pb en 
Zn naar de Zuide lijke  Bocht van de Noordzee.
zuur. Vliegasdeeltjes (met Al, Si, S, K, 
Ca en Fe), afkomstig van verbran- 
dings-processen, maken tot 70% van 
het totaal uit bij westelijke wind. CaS04 
wordt in bijna alle monsters terugge­
vonden.
Natuurlijk CaS04 onstaat uit fraktionele 
kristallizatie van zeezoutdeeltjes. 
CaS04 kan ook ontstaan uit reaktie van 
eolisch CaC03 en zwavelzuur. Waar­
schijnlijk wordt het echter hoofdzake­
lijk gevormd bij verbrandingsproces­
sen [9], Inderdaad, alhoewel in België 
in geen enkele klassieke elektriciteits­
centrale aan rookgasontzwaveling 
wordt gedaan, zijn in Nederland enkele 
en in Duitsland talrijke centrales uitge­
rust met FGD-eenheden ("flue gas de­
sulphurization”). Ongeveer 90% daar­
van genereren gips doordat de ont­
zwaveling met kalk of kalksteen ge­
beurt. In Duitsland komt dit overeen 
met 400.000 ton gips per jaar; men 
kan zich voorstellen dat een fraktie 
daarvan in de atmosfeer wordt ver­
spreid.
Sferische Fe-rijke deeltjes worden in 
de meeste monsters teruggevonden. 
Deze onstaan eveneens bij verbran­
dingsprocessen. Sommige monsters 
bevatten echter ook Fe-Zn en Fe-S ver­
bindingen. Zwavelrijke deeltjes zijn 
frekwent aanwezig, soms tot 70% van 
het totaal. Een deel van deze deeltjes 
wordt gekenmerkt door de aanwezig­
heid van een belangrijke hoeveelheid 
organisch materiaal. Op basis van de 
individuele deeltjesanalysen met 
EPXMA kunnen de verschillende mon­
sters onderverdeeld worden in drie ty­
pen : monsters met weinig of geen kon- 
tinentale invloed (samenstelling : 74% 
zeezout, 13% getransformeerd zee­
zout, 13% andere deeltjes), monsters 
met duidelijk kontinentale invloed (sa­
menstelling: 12% zeezout, 12% ge­
transformeerd zeezout, 34% vliegas, 
20% zwavelrijke deeltjes, 22% andere 
deeltjes) en monsters met uitsluitend 
kontinentale invloeden (samenstel­
ling: 36% zwavelrijke deeltjes, 20% 
vliegas, 20% CaS04, 8% Fe-rijke deel­
tjes, 16% andere deeltjes).
Met behulp van LAMMA-metingen op 
12.000 deeltjes werd aangetoond dat 
getransformeerde zeezoutdeeltjes be­
staan uit een centrale NaCI kern omge­
ven door NaN03 en Na2S04. Dit kan zo­
wel het resultaat zijn van gefraktion- 
eerde kristallizatie als van een hetero­
gene reaktie tussen zeezout en zure 
gassen. Verder werd aangetoond dat 
bij oostelijke wind tot 30% van de deel­
tjes voor 90% bestaan uit ammonium- 
zouten. Roetdeeltjes met sporen Ni, V, 
Fe en Pb werden vooral teruggevon­
den in de kleinere frakties (0,25 nm ).
Algemeen kan gesteld worden dat de 
LAMMA-techniek duidelijk naar voor 
bracht dat het Noordzee aerosol in veel 
gevallen bestëat uit een complex ge­
heel van verschillende hoofdkompo- 
nenten gekombineerd met verschei­
dene sporenelementen. Deze techniek 
wordt hoofdzakelijk gebruikt om addi­
tionele informatie te verkrijgen over de 
verschillende deeltjestypen.
Konklusies
De koncentraties aan zware metalen in 
de atmosfeer boven de Noordzee blij­
ken aanzienlijk verhoogd in vergelij­
king met minder gepollueerde ma­
riene gebieden. Boven de Zuidelijke 
Bocht van de Noordzee brengt vooral 
de zuid-zuidoosten wind vervuilde 
luchtmassa’s aan, o.a. uit België. 
Vooral worden veel vliegasdeeltjes
waargenomen. Atmosferische deposi­
tie van zware metalen is een relatief be­
langrijke toevoerweg van polluenten 
naar de Noordzee, ook in vergelijking 
met meer evidente routes zoals rivie­
ren en dumping op zee. Voor Cd en Pb 
voert de lucht niet minder dan ca. 50 % 
van de totale hoeveelheid aan. Zuive­
ring van de rivieren die uitmonden in 
de Noordzee zal dus niet volstaan als 
maatregel om de belasting van de 
Noordzee met zware metalen aanzien­
lijk te verminderen.
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Depositiefluxen van zware metalen 
in de zuidelijke bocht van 
de Noordzee
De meest evidente manier om atmos­
ferische depositiefluxen naar het zee­
oppervlak te kwantificeren zou in prin­
cipe direkte depositiemetingen impli­
ceren. Totnogtoe zijn echter zulke di­
rekte metingen weinig suksesvol ge­
bleken. Men kan natuurlijk ook fluxen 
berekenen door de koncentraties te 
vermenigvuldigen met een kinetische 
parameter, die de massatransfer weer­
geeft zowel bij droge als natte deposi­
tie.
Voor de berekening van de droge de­
positie dient men vooreerst te beschik­
ken over deeltjesgrootte-distributie, 
omdat elke deeltjesgrootte-klasse na­
tuurlijk een verschillende valsnelheid
heeft. In het model van Slinn and Slinn
[5] houdt men rekening met o.a. lucht- 
stabiliteit en turbulente diffusie, en met 
het hydrofobe dan wel hydrofiele ka­
rakter van de deeltjes (in het laatste ge­
val zullen de deeltjes kunnen groeien 
en uiteindelijk sneller uitvallen). Voor 
Cd, Cu, Pb en Zn waren uit vliegtuig- 
metingen deeltjesgrootte-distributies 
beschikbaar voor de verschillende 
windsektoren. De depositiesnelheden, 
die daaruit werden berekend, varieer­
den van 0,25 +/-0.03 cm s'1 voor Pb tot 
0,48 +/- 0,17 cm s'1 voor Cu. De resul­
terende droge fluxen en hun onzeker­
heden zijn opgenomen in Tabel 4. 
Natte depositie omvat ’’rainout” (de op­
name van aerosoldeeltjes in wolken­
druppels) en ’’washout” (het meesle­
pen van aerosolen door vallende re­
gendruppels of sneeuwvlokken). Bij de
berekening van natte depositie werd 
het model van Slinn [6] gebruikt en 
werd een neerslagintensiteit van 600 
mm per jaar boven de Noordzee aan­
vaard. De resultaten voor natte en to­
tale depositie zijn eveneens in Tabel 4 
weergegeven. Het blijkt dat de natte 
depositie ongeveer een faktor 2 be- 
langrijker is, maar bvb. voor Cd blijft de 
onzekerheid erg groot. Ook op het eer­
ste gezicht al lijken atmosferische de­
positiefluxen voor zware metalen in de 
buurt van één tot enkele tientallen kg 
km'2 jaar1 niet verwaarloosbaar.
De Noordzee versus andere 
mariene gebieden
In Tabel 5  worden onze depositiewaar- 
den vergeleken met de gemiddelden 
voor andere mariene gebieden, zoals 
die werden samengevat door GE- 
SAMP [7]. Voor de Noordzee zijn de re­
sultaten een faktor 100 hoger dan deze 
van de meest afgelegen gebieden, 
zoals de tropische Stille Oceaan, en dit 
is uiteraard duidelijk het gevolg van 
kontinentale invloeden. De situatie bo­
ven de Noordzee kan het best vergele­
ken worden met deze boven de Mid­
dellandse Zee of de Baltische Zee.
Relatieve bijdrage van de 
atmosfeer tot de 
Noordzee-vervulling
De relatieve fraktie van zware metalen 
die de Zuidelijke Bocht van de Noord­
zee bereikt via de atmosfeer werd be­
rekend aan de hand van de gegevens 
van Van Aalst et al. [8] voor rivieren, di­
rekte lozingen en dumping, en is opge­
nomen in Tabel 6. Deze fraktie gaat van 
22 tot 55 %, en is zonder meer belang­
rijk. Bovendien dient men er rekening 
mee te houden dat de hoeveelheden 
afkomstig van afval-dumping op zee 
door de recente EG-reglementering 
thans fors gereduceerd worden, zodat 
het relatieve aandeel van de atmosfeer 
nog aanzienlijker zal worden.
Individuele deeltjesanalyse 
voor bronherkenning
Met behulp van EPXMA werden bijna
50.000 deeltjes geïdentificeerd en ge­
klasseerd in verschillende deeltjes- 
typen, geassocieerd met verschillende 
natuurlijke en politiebronnen. Naast 
deeltjes waarin enkel Na en Cl voor­
komt (zeezout), worden er ook deeltjes 
gevonden met Na, Cl en S als belang­
rijkste elementen. Deze zijn het resul­
taat van een chemische transformatie 
waarin HCI wordt vrijgesteld uit zee- 
zoutdeeltjes door reaktie met zwavel-
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typerend voor vliegas en bodemstof. 
De laatste faktor bevat Al, Si, S, K, Ca, 
Cr, Mn, Fe, Cu, Zn, Pb, SO/’ en NH4+, 
waaronder de meeste anthropogène 
komponenten zijn. Elementen zoals Al, 
Si, S, K, Ca en Fe worden zowel terug­
gevonden in de derde als in de vierde 
faktor. Deze elementen hebben bijge­
volg verschillende onafhankelijke 
bronnen : natuurlijke erosie van de bo­
dem en verbrandingsprocessen.
In Tabel 2 worden onze experimentele 
waarden, uitgemiddeld over alle mon­
sters, zowel met de Belgica als het 
vliegtuig genomen, vergeleken met 
deze uit de literatuur sinds 1974. On­
danks belangrijke variaties in bemon- 
steringsprocedures en bemonste- 
ringsplaatsen, is er blijkbaar toch een 
vrij behoorlijke overeenkomst tussen 
de resultaten.
Invloed van windrichting op 
koncentraties
Bij de vliegtuigmetingen waren telkens 
gedetailleerde ”air mass back trajecto­
ries” beschikbaar; deze geven infor­
matie over de plaats waar de bemon­
sterde luchtmassa (voor verschillende 
hoogten) zich bevond tot 36 h voor de 
monstername, dus over de geografi­
sche gebieden waaruit de monsters 
verontreiniging kunnen hebben opge­
nomen. Tabel 3  vat de resultaten sa­
men naargelang de sektor waaruit de 
luchtmassa’s werden aangevoerd. De 
hoogste koncentraties worden geno­
teerd bij zuid- en zuidoost winden, ka­
rakteristiek voor kontinentale lucht­
massa’s. Zoals verwacht worden de 
laagste koncentraties waargenomen 
voor de noord en noordwest windsek- 
tor, dus bij zuiver mariene luchtmas­
sa’s.
Fig. 1 : S ituatieplan van de Noordzee.
de Zuidelijke Bocht van de Noordzee 
een faktor 5 tot 30 hoger zijn dan deze 
achterg ron d koncentraties.
Met behulp van faktoranalyse kan men 
de dataset van alle elementen (ook 
niet-metalen) reduceren tot 4 onafhan­
kelijke faktoren die 90% van de totale 
variantie verklaren. Deze faktoren kun­
nen geassocieerd worden met ver­
schillende bronnen van polluenten. 
Een eerste faktor bevat Cl en wordt 
geïdentificeerd als zeezout. De tweede 
faktor met Ni en V is typisch voor olie- 
residu (verbranding van fossiele 
brandstoffen). De derde faktor bevat Al, 
Si, S, Ca, K en Fe. Deze elementen zijn
Tabel 3 : Gem iddelde koncentraties (in ng. m 3), onder de inversiehoogte, voor Cd, 
Pb, Cu and Zn boven de Zuidelijke Bocht van de Noordzee voor verschillende wind- 
sektoren (gem iddelde koncentratie ±  standaard deviatie op het gem iddelde).
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ciustertechnieken, met de bedoeling 
de individuele deeltjes te klasseren in 
verschillende deeltjestypen, zoals zee­
zout, bodemstof, enz. LAMMA is een 
recente techniek voor individuele deel- 
tjesanalyse, waarbij telkens een aero- 
soldeeltje wordt verdampt en geïoni- 
zeerd door een gefocusseerde laser­
straal. De ionen worden vervolgens ge- 
analyzeerd in een vluchttijd-massa- 
spektrometer. De resulterende massa- 
spektra bevatten een aanzienlijke hoe­
veelheid informatie over de elemen­
taire en moleculaire samenstelling van 
de deeltjes. Detectie van sporenele­
menten tot op het ppm niveau, anorga­
nische speciatie en organische finger­
printing zijn belangrijke pluspunten 
van deze techniek. Door een laser met 
sterk gereduceerde energie te gebrui­
ken, in de zgn. ’’laser desorptie mode”, 
is het mogelijk om de buitenste schil 
van sommige deeltjes apart te analyze- 
ren, en zo informatie te verkrijgen over 
oppervlakte-aanrijkingen, en dus over 
eventuele heterogene chemische
nuuvjicickii a a n  u c  u i h , cii
docent instrumentele analyse en 
milieuchemie. Zijn onderzoeks­
projekten in MiTAC houden ver-
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Tabel 1 : G em iddelde atm osferische koncentratie voor zw are m etalen boven de 
Noordzee (in n g .m 3).
reakties die de deeltjes aan hun opper­
vlak hebben ondergaan.
Meetresultaten
Vergeleken met de resultaten van de 
Belgica geven de vliegtuigmetingen 
vergelijkbare gemiddelden. De verti- 
kale profielen van de koncentraties wa­
ren niet zeer uitgesproken onder de in- 
versiehoogte ; gemiddelde koncentra­
ties bemonsterd met het vliegtuig vlak 
boven het zeeniveau waren slechts on­
geveer 20% hoger dan de gemiddelde 
koncentratie op grotere hoogten. De 
koncentraties die sporadisch werden 
gemeten boven de temperatuursinver- 
siehoogte waren echter wel een faktor 
10 tot 100 lager. Dit bevestigt dat emis­
sie door de zee zelf geen belangrijke 
bron is voor zware metalen in de at­
mosfeer en dat de atmosfeer goed ge­
mengd is onder de inversiehoogte. 
Metingen vanop schepen kunnen dus,
indien lokale kontaminatie behoorlijk 
wordt vermeden, wel degelijk een be­
trouwbaar beeld geven van de atmos­
ferische koncentraties aan zware me­
talen.
In Tabel 1 vindt men de gemiddelde 
(over alle wind-richtingen) atmosferi­
sche koncentratie boven de Zuidelijke 
Bocht (zuidelijk van 54° NB, tot aan het 
Kanaal) en de rest van de Noordzee, 
voor Cu, Fe, Ni, Pb en Zn, zoals bere­
kend uit 71 monsters gekollekteerd 
vanop de Belgica. De laatste kolom 
geeft resultaten voor monsters die wer­
den gekollekteerd in het noordelijk 
deel van de Noordzee (noordelijk van 
54° NB) bij noordwestenwind en in het 
Kanaal (tot 5° WL) bij zuidwestenwind, 
dus in beide gevallen voor zuiver ma­
riene luchtmassa’s ; ze worden veron­
dersteld representatief te zijn voor de 
achtergrondkoncentratie van de 
Noordzee-atmosfeer. Uit Tabel 1 is het 
duidelijk dat de koncentraties boven
— ---- r-——
niet gemeten
Tabel 2 : Koncentratie van verschillende elem enten in aerosolen (in ng. m 3) boven de 
Zuidelijke Bocht van de Noordzee. Vergelijking m et andere gepubliceerde waarden.
LUCHTVERVUILING
De Noordzee wordt langs ver­
schillende wegen belast met zo­
wel organische als anorganische 
polluenten. Meest evident is het 
transport via rivieren. Direkte lo­
zingen langsheen de kustlijn en 
dumping van toxische materialen 
door schepen zijn twee andere 
oorzaken van vervuiling. Exploita­
tie van olie- en gasplatformen 
leidt eveneens tot operationele 
lozingen van een aantal Schade­
lijke stoffen. ’’Last but not least” 
bereikt een deel van de polluen­
ten de Noordzee via de atmos­
feer.
Dit artikel handelt specifiek over 
dit laatste facet van Noordzee- 
pollutie. Zowel gasvormig als par­
ticular materiaal worden via ver- 
brandings- en andere pollutiepro- 
cessen in de atmosfeer geëmit­
teerd. Na fysische dispersie en 
chemische transformatie kunnen 
deze polluenten in zee terecht ko­
men via depositieprocëssen. De 
zware metalen bevinden zich 
hoofdzakelijk in de particulaire 
faze. Bij droge weersomstandig­
heden worden deze deeltjes uit de
pactie; dit noemt men dróge de­
positie. Bij neerslag kunnen deel­
tjes door regendruppels of 
sneeuwvlokken gevangen wor­
den en zo in zee terecht komen : 
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Atmosferische fluxen van 
zware metalen 
naar de Noordzee
In het kader van onderzoeksprojekten 
vanwege de Belgische Diensten voor 
de Programmatie van het Weten­
schapsbeleid en vanwege Rijkswater­
staat Nederland werd door het Depar­
tement Scheikunde van de Universi­
taire Instelling Antwerpen een uitge­
breid bemonsterings- en analysepro- 
gramma opgezet om gegevens te ver­
zamelen over de toestand van de at­
mosfeer boven de Noordzee en om 
een antwoord te geven op volgende 
vragen :
Wat is de chemische samenstelling 
van atmosferische deeltjes boven de 
Noordzee ?
Hoe relatief belangrijk is de atmosfeer 
als toevoerweg van zware metalen 
voor de Noordzee ?
Welke bronnen zijn verantwoordelijk 
voor de stoffen aanwezig in de Noorcf- 
zee-atmosfeer ?
Tussen december 1984 en oktober 
1989 werden 12 bemonsterings-cam- 
pagnes van gemiddeld 5 dagen op de 
Noordzee en het Kanaal uitgevoerd 
met het Belgische oceanografisch 
schip Belgica. Aerosolmonsters wer­
den gekollekteerd met behulp van 
membraanfilters en cascade-impacto- 
ren. Een cascade-impactor is een be- 
monsteringsapparaat waarbij stofdeel­
tjes door hun verschil in momentum tij­
dens het bemonsteren worden ge­
scheiden in funktie van hun diameter 
en geïmpacteerd op een oppervlak. 
Om kontaminatie door het schip zelf te 
vermijden, werden de monsterhouders 
op een hoogte van 10 m in de mast 
vooraan het schip geplaatst. Verder 
werd er enkel lucht bemonsterd indien 
de relatieve windrichting ten opzichte 
van het schip tussen - 45° en + 45° 
was. Daarenboven werden tussen juli 
1988 en oktober 1989 ook 22 vluchten 
boven de Noordzee uitgevoerd met 
een twee-motorig vliegtuig van de 
firma Geosens, Rotterdam, om een 
duidelijker inzichtte krijgen in de hoog- 
te-afhankelijkheid van de polluent- 
koncentraties. Het vliegtuig was spe­
ciaal uitgerust voor de kontaminatie-
vrije bemonstering van luchtpollutie. 
Telkens werd opgestègen aan het 
Goeree-platform ter hoogte van Rotter­
dam tot aan de inversiehoogte, en dan 
werden op dalende hoogte zes trajek- 
ten van 150 km in de windrichting afge­
legd. Het laagste trajekt werd steeds 
gevlogen tussen 10 en 30 m boven de 
zee. Op elk niveau werden monsters 
genomen voor mikro- en sporenana­
lyse, en voor elke vlucht werd boven­
dien een impactor beladen.
F iguur 1 geeft een situatieplan van de 
Noordzee weer.
Analytische technieken
Het gebruik van verschillende mo­
derne analytische technieken resul­
teert in een ruim aanbod van ruwe ge­
gevens die via interpretatie en model­
berekeningen moeten leiden tot rele­
vante informatie.
Energie-dispersieve XRF (X-stralen 
fluorescentie) werd toegepast op 
dunne membraanfilters. Via een spek- 
traal deconvolutieprogramma worden 
kwantitatieve koncentraties voor Al, Si, 
P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, 
Zn en Pb bekomen. Na oplossen in 
HNOg wordt op een fraktie van de filters 
heroplossingsvoltammetrie of anodic 
stripping voltammetry (ASV) toege­
past, waarbij Cd, Cu, Pb en Zn zeer ge­
voelig kunnen worden bepaald. IC 
(ionenchromatografie) wordt gebruikt 
voor bepaling van Cl', N03" en S042', na 
ultrasone extraktie van de filter in een 
eluens.
Verder werden twee mikro-analyse 
technieken voor individuele deeltjes 
gebruikt : elektronenprobe X-stralen 
mikro-analyse (EPXMA) en laser mi- 
kroprobe massa analyse (LAMMA). Bij 
EPXMA worden in elk aerosol-monster 
bvb. 500 deeltjes individueel gekarak- 
terizeerd. Van elk deeltje wordt de dia­
meter, het oppervlak en de vormfaktor 
gemeten of berekend. Verder wordt er 
een X-stralen spektrum gekollekteerd 
voor ieder deeltje. De daaruit resulte­
rende dataset wordt gereduceerd met 
hiërarchische en niet-hiërarchische
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sampling was performed beneath the inversion layer.
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and 6. A possible explanation is the reduction in oil com­
bustion in residential boilers as the last two flights took 
place in the month of May (Table I). The relative abun­
dance of V-containing particles on the larger-size impactor 
stages is remarkably higher for flight 3 than for all other 
flights. This corresponds with the findings for NH4+. It 
appears from Table IV that V most often occurs together 
with Pb.
Pb-containing particles are most abundant on stage 5 
(Figure 6b). The largest part of the total anthropogenic 
emission of Pb in Europe comes from automotive exhausts 
(24). As mentioned before, the numerous Pb- and 
NH4+-containing particles very likely originate from this 
source. Compared to other flights, Pb-containing particles 
are more abundant among the larger particles of flight 3. 
Similar trends are found for V and NH4+.
The overall Ba concentration seems to be somewhat 
higher for flights 3, 5, and 6 (Figure 6c). The relative 
amount of Ba-rich particles, associated with NH4+ seems 
remarkably low compared to all other metals (Table III). 
This is not surprising as hardly any Ba was detected on 
stage 5. Ba is more associated with Ti than with any other 
metal (Table IV). These two elements are used in the 
pigment industry, which might be a possible source. Ac­
cording to Hopke (21), combustion of kerosene, drying 
furnaces for Cr yellow, calcining furnaces for barite, and 
trucks are important Ba sources. Still, unlike the above- 
discussed metals, a large part of the atmospheric Ba in 
Western Europe seems to be associated with soil dust (e.g., 
ref 18).
Zn is mainly emitted from iron, steel, and ferroalloy 
plants and Zn-Cd smelters (24). Other sources are refuse 
incineration (25) and tire wear (21). Twenty-five percent 
of all detected Zn was found to be associated with KC1 or 
K2SO,,, which points to a refuse incinerator origin. The 
overall abundance per flight for this compound is some­
what higher for flight 3 (Figure 6d). According to Table 
IV, Zn often appears together with Pb; this is indicative 
of a smelter or alloy-manufacturing origin.
The main source for Ti release in the atmosphere is soil 
dispersion. Other possibilities are paint spray, agricultural 
burning, and asphalt production (21). Of all metals con­
sidered, Ti is mostly associated with Ba.
Cr can be regarded as an indicator of emissions from the 
iron and steel industry (24). This element seems to have 
a tendency to be concentrated on stages 5 and/or 4 (Figure 
6f).
The main Fe sources are soil dust and ferrous metal 
manufacturing. Fe particles are significantly more abun­
dant for flight 3. They predominantly appear among the 
smallest particles for flights 1, 2, and 5 (Figure 6g).
Bulk metal analysis (26) revealed that absolute Cd, Pb, 
and Zn concentrations were the highest for flight 3, where 
the wind direction during sampling was south (Table I). 
LAMMA for this flight shows increased relative abun­
dances for NH 4+, V, Pb, Zn, and Fe.
Considering the relative abundances of all investigated 
compounds as a function of sampling height, no distinct 
trends could be inferred. As an illustration, panels a-c of 
Figure 7 shows relative abundances of NaCl, alumino­
silicate, and ammonium-rich particles. For each flight, 
altitudes were referred to the corresponding inversion 
height (Table I) in order to clarify the representation. Only 
relative sea salt particle abundances seem to decrease 
above the inversion layer, which acts as a “lid” on an air 
mass. Bulk analysis results, on the other hand, show a 
decrease in a b so lu te  concentration that rises to a factor 
of 10 for the metals Cd, Cu, Zn, and Pb.
Figure 7. Relative abundances of (a) sea salt particles, (b) alumino­
silicates, and (c) ammonium-containing particles as a function of 
sampling height (altitudes are referred to the corresponding inversion 
height).
C o n c lu s io n
All the individual particle types that have earlier been 
defined by analyzing North Sea aerosol particles with 
EPXMA, are detected with LAMMA. However, the 
particles appear very often as internal mixtures: the image 
of this aerosol, obtained with LAMMA, is much more 
complicated.
Examining relative abundances of several compounds 
of environmental interest as a function of particle size and 
wind direction during sampling allows some clear trends 
to be inferred. Ammonium, for example, is mainly present 
among the smallest particles; sea salt exhibits typical 
hatlike size profiles and predominates when the sampled 
air masses have a marine origin. Aluminosilicates and KC1 
particles prevail for continental air masses.
Better than bulk analysis techniques, LAMMA (and 
single-particle analysis techniques in general) can provide 
valuable information about particle origin. If not always 
conclusive, it does narrow the set of possible sources most 
of the time: e.g., in the case of the KC1 particles, where 
some alleged sources could be definitely ruled out.
Apart from a decrease in relative sea salt particle con­
centration above the inversion layer, no definite trends in 
relative particle type abundances could be deduced as a 
function of sampling height. This is not surprising as most
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Figure 8. Relative abundances of metal-rich (M) particles, averaged per stage over all impactors for each flight.
T a b le  II. Som e In fo rm a tio n  a b o u t D etec ted  M etals
concn in detection
N orth  Sea first ionization incidence
m etal aerosol, ng-m '3“ potential, eV relative to  V
Ba 8 5.21 0.3
V 10 6.74 1.0
Pb 53 7.42 0.4
Cr 3 6.77 0.3
Zn 57 9.89 0.3
Fe 369 7.87 0.4
Ti 27 6.82 0.2
“ D ata from the  Kiel Bight (18).
elements found in ambient particulate matter: the com­
bustion of coal and oil, wood burning, waste incineration, 
metal mining and production, dusts, sea salt, forest fires, 
volcanic emissions, and emissions from vegetation. Metals 
detected in this case with LAMMA often occur associated 
with other compounds, especially with ammonium, with 
aluminosilicates (Table III), and with other metals (Table 
IV). For the latter table, metal-rich particles that also 
exhibit aluminosilicate peaks were not considered in order 
to obtain an impression about anthropogenic particles (i.e., 
to rule out soil dust), but in this way, fly ash particles are 
not considered. As noticed repeatedly above, distin­
guishing “pure” particles from internal mixtures is not 
straightforward. In the size profiles of Figure 6, a particle 
is considered metal-rich when the metal in question ap­
pears in the spectrum.
T a b le  II I . A sso c ia tio n s be tw een  M eta l-R ich  P a r t ic le s , 
A lu m in o silic a te s , a n d  A m m onium
% metal-rich 
particles, associated with
metal alum inosilicates ammonium
V 60 67
Pb 43 60
Ba 65 14
Cr 75 56
Zn 79 41
Fe 65 55
Ti 67 32
T a b le  IV. M u tu a l A sso c ia tio n s  b etw een  M eta ls  (% ) (N ot 
In c lu d e d  in  A lu m in o silic a te s)
metal
assocd with V Pb Ba Cr Zn Fe Ti
V 13 2.9 4.9 12 6.5 14
Pb 8.6 2.9 7.3 21 7.6 0
Ba 0.9 1.4 0 3.1 2.6 17
Cr 0.9 2.1 0 10 1.3 3.6
Zn 1.8 4.9 1.5 7.3 1.3 7.1
Fe 2.3 3.5 2.9 2.4 3.1 10
T i 1.8 0 5.9 2.4 6.3 3.9
V profiles (Figure 6a) largely correspond to the N H /  
profiles of Figure 4. As already mentioned above, V ori­
ginates from fossil fuel combustion processes. The overall 
V abundance per flight is somewhat smaller for flights 5
Figure 4. Relative abundances of ammonium-containing particles, 
averaged per stage over all Impactors for each flight.
This rules out the “chemical fractionation hypothesis”. As 
most of these particles are not associated with alumino­
silicates, a soil source is also unlikely. Regarding the ge­
ographical location of the North Sea, a tropical forest origin 
does not seem too probable either. As mentioned before, 
Schneider (18) attributed a K excess to the combustion 
of lignite, also called “salt coal”, which is mainly used in 
Eastern Europe. EPXMA of a lignite combustion aerosol, 
however, did not reveal the presence of individual KC1 
particles; K was always associated with aluminosilicates 
(19). Mammane (16) performed EPXMA on waste incin­
erator aerosol particles. Most of the particle mass con­
sisted of soluble potassium and Zn chlorides. Since only 
3% of the non-sea salt KC1, and 5% of the K2S04 particles 
were found to be associated with Zn, incinerator products 
are apparently not the only source in this case. Another 
possibility is biomass burning. For Europe, this includes 
agricultural and firewood burning. Eastern Europe, es­
pecially, has a high firewood consumption.
The observed decline in sea salt content from flight 1 
through flight 6 is largely compensated by an increase in 
aluminosilicates (Figure 3b). In this case, the size dis­
tribution pattern is very variable, which might be caused 
by the fact that two sources are responsible for this particle 
type: soil dust and fly ash. According to our experience, 
they are indistinguishable on the basis of their LAMMA 
spectra. Only those fly ash particles formed at high com­
bustion temperatures can be identified because of their 
globular appearance.
For identification purposes, Ca-rich particles are defined 
as particles whose spectra display the typical (CaO)x and 
(CaO)ICa cluster ions. Analyses of Ca standards show that 
all Ca- and O-containing compounds provide those ions 
in their LAMMA spectra. According to the literature, the 
most plausible sources for Ca-rich particles tire fractional 
crystallization and subsequent breaking of sea salt droplets 
(7), marine biogenic material (7), calcite contained in soil 
dust (20), and combustion processes (21). In an earlier, 
very extensive EPXMA investigation of North Sea aerosol 
particles, Ca-rich and Ca- and S-rich particles were de­
tected (6). The Ca- and S-rich particles were clearly 
continential-derived while the Ca-rich could not be un­
ambiguously assigned to one source type. With LAMMA, 
however, CaC03 and C aS04 are indistinguishable on the 
basis of their positive-mode spectra. Ca3(P 0 4)2, on the 
other hand, displays some typical CaPOx peaks. Figure 
3C shows the Ca-rich particle type size distributions av­
eraged over all impactors per flight. In this case, no clear 
differences can be derived between marine and continental 
air masses.
Figure 4 shows the percent abundance of NH4+-con- 
taining particles, averaged per stage over all impactors for 
each flight. NH4+ seems to be mainly present in the 
smallest particles. Its size distribution pattern is consistent 
through all flights. The total relative NH4+ concentration 
for flight 4 is definitely the lowest. Compared to all other
Figure 5. Relative abundances of ammonium-containing particles, 
associated with V and Pb and not associated with metals.
flights, NH4+ is very well represented in the lower impactor 
stages (3, 2, and 1) of flight 3. According to Otten et al. 
(8) this points to extreme pollution circumstances, en­
hanced by the fact that the inversion layer was situated 
very low (Table I), thus inhibiting the natural dispersion 
of pollutants. Atmospheric ammonium compounds ori­
ginate from the neutralization reaction of acidic species 
with ammonia. The latter is generated by biological de­
composition of nitrogenous matter, the use of N-rich fer­
tilizers in agriculture, animal farming, and coal combustion. 
The ammonium compounds seem to be closely associated 
with metals, especially V (which is a typical fossil fuel 
combustion product) and also Pb. It is however necessary 
to regard this association with some caution: at least part 
of it might be an artifact since most of the NH4+ particles 
are detected on stage 5. The Pb-containing N H / particles 
are thought to be secondary reaction products of auto­
motive exhausts: Pb(NH4)2(S 0 4)2 is formed through the 
reaction of lead halides with the massive amounts of 
(NH4)2S 0 4 present in each urban atmosphere (22). The 
relative contribution of the V-containing NH4 particles 
decreases when the sampled air masses have passed over 
Europe (Figure 5). This could be explained by an am­
monia input from agricultural activities in The Nether­
lands and the northwestern part of Belgium. The relative 
amounts of Pb-containing N H 4 particles, on the other 
hand, do not vary significantly except for flight 4, where 
none are detected (Figure 5). Possible counterions for 
ammonium are sulfate, nitrate, and chloride. As concluded 
from the analysis of standard compounds, positive-mode 
spectra do not provide satisfactory information about the 
counterion’s identity. However, most negative-mode 
spectra are dominated by the H S 0 4' ion, so S 0 42- seems 
to be a plausible candidate. This conclusion agrees with 
the findings of Otten et al. (8). The N H /  particles sam­
pled under marine conditions (flights 1 and 2) also appear 
to contain Na2S 0 4 and, less frequently, NaCl. These 
probably are internal mixtures of (NH4)2S 0 4 with highly 
transformed sea salt.
Metals detected in these samples are Ba, V, Pb, Cr, Zn, 
Fe, Ti, Ge, Cd, Sr, Ni, Mn, and Cu. The last six are not 
included in the discussion. As stated above, Ni, Mn, and 
Cu suffer too much from spectral interferences to be ac­
curately identified, whereas Ge, Sr, and Cd were detected 
too sporadically to obtain some conclusive information 
about them. Table II shows that the incidence with which 
a metal is detected does not always correspond to its actual 
concentration in the aerosol, even not when its first ion­
ization potential, which is loosely indicative for the sen­
sitivity, is taken into account. This points to different 
distributions over particles: e.g., an element might be 
contained in a huge amount of particles but in a concen­
tration below the detection limit. Finlaysson-Pitts and 
Pitts (23) designate various potential sources of the trace
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Figura 2. Relative abundances of (a) sea salt, (b) N aN 03-containing, 
and (c) N a2S0,,-containing particles, averaged per stage over all im- 
pactors for each flight.
5 4 }  2 1  5 4 }  2 1  5 4 }  2 1  5 4 }  2 1  5 4 }  2 1  5 4 }  2 1  slaje
1 2 3 4 5 6 flight
Figure 3. Relative abundances of (a) KCI-contalnlng particles, (b) 
alumlnosHcates, and (c) Ca-rich particles, averaged per stage over all 
impactors for each flight.
better than that for NH4+ (8). Differences in overall peak 
intensities between d i f fe r e n t  compounds are thus by no 
means indicative for concentration differences.
Standard seawater spectra are largely dominated by the 
typical NaxCly cluster ions (9). Therefore, a particle is 
considered a sea salt particle or a mixed particle containing 
sea salt when NaCl is detected by the search routine. 
Figure 2a shows the relative abundances of sea salt par­
ticles (i.e., the percentage of particles containing sea salt), 
averaged pier stage over all impactors for each flight The 
size profiles are fairly consistent over all flights. The 
highest abundances are reached among the particles of 
stage 2 or stage 3. Comparing different flights, the total 
sea salt content is highest for flights 1 and 2. This can be 
explained by two factors: longer time spent over the sea 
by the sampled air masses and highest wind speed during 
sampling for the first two flights; and an increased wind 
speed promoting sea salt particle production (10).
Sea salt can be transformed in the atmosphere by het­
erogeneous reactions with HjSO* and/or H N 03 vapor (11). 
These alterations are reflected in the spectra by the ap­
pearance of peaks indicative for N aN 03 and Na^SO  ^(i.e., 
the normal N a/O  clusters and Na2N 0 2+, Na2N 0 3+ and 
Na3S 0 3+, Na3S 0 4+, respectively). Their size profiles are 
reported in Figure 2, panels b and c. Sometimes, the 
transformation is so complete that the NajCl,, clusters are 
not detectable any more. In this case, the particle is no 
longer considered a sea salt particle. Most of the N aN 03 
profiles match those of NaCl rather closely; this is not 
surprising inasmuch as 81% of all detected N aN 03 was
found to be associated with NaCL The Na2S 0 4 abundance 
patterns, on the other hand, are very different Except for 
flight 4, they are all characterized by a maximum abun­
dance in the smallest size ranges. The NaCl to Na2S 0 4 
conversion rate increases as the particle diameter de­
creases; as a consequence, the small particles have a high 
CT deficiency and S 0 42~ enrichment, so CT is very often 
not detectable in their spectra any more. N a N 0 3 is not 
as abundant in the small-particle fraction as Na^C^. This 
corresponds with the findings of Savoie and Prospero (12) 
and Mallant et al. (11), who state that the fact that H N 03 
has a much higher vapor pressure than H2S 0 4 leads to the 
removal of H N 0 3 when condensing H2S 0 4 lowers the 
surface pH of the small particles.
KC1 is a minor sea salt component In standard seawater 
aerosols, KxCly clusters appear when the Na^CL, clusters 
are in overflow. Some 35% of the KC1 particles, however, 
do not exhibit the typical NaxCly mass peaks in their 
spectra. These particles sometimes seem to have un­
dergone the same transformations as sea sa lt K2S 0 4 and 
K N 03 peaks are regularly detected. K enrichments rela­
tive to Na have already been observed in marine aerosols. 
These excesses have been attributed to chemical frac­
tionation at the air-sea interface (13), to soil sources (14), 
biomass combustion (15), waste incinerator products (16), 
long-range tropical forest aerosol transport (17), and the 
combustion of lignite (18). Figure 3a shows the abundance 
patterns of KC1 particles with and without NaCl associa­
tion. The relative concentrations of the latter are higher 
when the sampled air masses have a nonmarine origin.
flight flight date wind sector source area0
inversion 
height, m
wind speed at 
ground level, m-s
1 01/13/89 S + W marine, F 1750 13.6
2 01/23/89 S + W marine, F 950 10.8
3 03/06/89 s NL, B, F 400 9.5
4 03/12/89 diverse marine, UK, NL, B 800 8.8
5 05/23/89 E NL, G, CS, PL 1500 7.8
6 05/23/89 E G, CS, PL 1500 8.9
* Abbreviations are as follows: F, France; NL, T he N etherlands; B, Belgium; UK, U nited Kingdom; G, Germany; CS, Czechoslovakia; PL, 
Poland.
Figura 1. Back-trajectories tor the flights 1 -6 .
equipped with Formvar (i.e., a slightly adhesive polymer) 
coated electron microscope grids and operated at a flow 
rate of 1 L-rnin'1. The 50% cutoff aerodynamic diameters 
of stages 1-5 are 4, 2 ,1 ,0 .5 , and 0.25 n m , respectively. A 
sampling time of ca. 25 min usually provided a satisfactory 
loading for LAMMA. In order to avoid distortion of the 
particle size distribution, sampling was performed under 
isokinetic conditions. In this case, the Pennsylvania State 
University (PSU) isokinetic sampler designed by Pena et 
al. (5) was used. The sampler was mounted on the roof 
of the aircraft in such a way that the intake was located 
outside the boundary layer of the aircraft and that no 
particulate or gaseous matter coming from the exhaust of 
the engines could be sampled. Until analysis, the samples 
were stored in sealed PVC Petri dishes. For each flight, 
four 36-h “backward in time air trajectories” (or “back- 
trajectories” for short) were calculated for four different 
levels (1000, 900, 850, and 700 mbar), providing valuable 
information about the source regions of the air masses. 
They were interpolated to yield trajectories for the six 
different flight levels (I). Figure 1 shows the back-tra­
jectories for the different flights at 1000 mbar (sea level). 
General flight data (flight date, wind sector, prevailing 
source areas as determined from the back-trajectories, 
inversion height, and wind speed at ground level) are listed 
in Table I.
A total of some 120 samples were investigated, namely 
five impactor stages for four to six tracks of six flights. For 
each of these impactor stages, some 50 particles were 
randomly selected for LAMMA, resulting in approximately 
6000 positive-mode spectra. With LAMMA being a de­
structive technique, it is impossible to record a positive­
mode and a negative-mode spectrum of one particle 
without introducing uncertainties concerning preferential
evaporation and focusing errors. The major part of this 
work was performed on pcsitive-mode spectra, because 
they are advantageous for the identification of trace metals. 
Negative-mode spectra were used in an attempt to extract 
additional information concerning the determination of 
certain anions.
R e s u lts  a n d  D iscu ss io n
EPXMA of some 25 000 similar aerosol particles, sam­
pled in a time span of 4 years from a research vessel over 
the North Sea, led to the definition of some well-separated 
particle types: sea salt, aluminosilicates, S-rich, Ca- and 
S-rich, Ca-rich, Si-rich, Ti-rich, and Fe-rich (6). Prelim­
inary investigation of a representative sample of LAMMA 
spectra revealed the presence of all these particle types, 
but a great part of them appeared to occur as internal 
mixtures. For the particles of stage 5 (aerodynamic cutoff 
diameter of 0.25 iim ) this might be an artifact, because part 
of them are beyond observation by the optical microscope 
the LAMMA is equipped with; in other words, one never 
knows if only one particle has been ablated by a laser shot 
On the other stages, however, particles are generally well 
separated on the grids, so in this case, “mixed spectra” 
unambiguously point to internally mixed particles. These 
mixtures were already discussed by Andreae et al. (7), who 
attributed them to processes within clouds.
All spectra were automatically screened for the presence 
of compounds that characterize the different groups and 
their particular features. Special attention was paid to the 
occurrence of trace metals not detectable by EPXM A As 
the limited mass resolution of the LAMMA does not allow 
it to distinguish different ions of the same nominal mass, 
the problem of possible misclassification was carefully 
evaluated. Generally, the possibility for misclassification 
diminishes when the number of peaks necessary for a 
positive evaluation increases. This possibility however also 
depends on the spectral region. A peak at m /z = 18 
(NH4+) can, at least for this kind of sample, without further 
consideration be attributed to an ammonium compound. 
On the other hand, it is our experience that the identifi­
cation of Cu suffers seriously from spectral interferences, 
even when isotopic abundances are used for peak recog­
nition. Therefore, it was decided to omit Cu from the set 
of investigated metals. For the same reason, Ni and Mn 
were left out. As, ordinarily, metal ions always appear 
together with at least one metal oxide ion, these oxides 
were also included in the sets of peaks necessary for the 
identification of the elements which occur in the most 
crowded region of the spectrum (Le., from m / z  = 39 to m /z  
= 165).
In this work, the results obtained by LAMMA are dis­
cussed as a function of wind direction during sampling, of 
particle size and of sampling height. When the corre­
sponding figures are being interpreted, it should be kept 
in mind that LAMMA has different sensitivities for dif­
ferent compounds; the sensitivity for Na+ is some 150 times
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Laser Microprobe Mass Analysis of Individual North Sea Aerosol Particles
I. (Merck, D. Michaud,1 L. Wouters, and R. Van Grieken*
Department of Chemistry, University of Antwerp (U.I.A.), Universiteitsplein 1, B-2610 Antwerp-Wilrijk, Belgium
■ Some 6000 individual aerosol particles in the 0.5-4-/xm 
aerodynamic diameter range, collected from an aircraft at 
different heights above the North Sea, were analyzed using 
laser microprobe mass analysis (LAMMA). In this way, 
various well-separated particle types could be defined. 
Many of these particles appeared to occur as internal 
mixtures. Several definite trends in particle type abun­
dances as a function of wind direction during sampling and 
of particle size could be observed. This helped in iden­
tifying source processes of the aerosol. Obtaining con­
clusive results as a function of sampling height, on the 
other hand, was much less straightforward. This is not 
surprising, since most samples were collected under the 
inversion layer where extensive mixing is likely to take 
place.
I n tr o d u c t io n
Considerable attention has already been paid to the 
determination of atmospheric particles from various re­
gions all over the world. These observations aim to es­
tablish a global balance of man’s pollutants into the air 
as compared to natural input.
The aerosols discussed in this paper were sampled over 
the Southern Bight of the North Sea, an area closely 
surrounded by anthropogenic pollution sources. The 
present work is part of a study concerning the atmospheric 
deposition of heavy metals into the North Sea, involving 
bulk as well as single-particle analyses. Individual particle 
analysis was performed by electron probe X-ray micro­
analysis (EPXMA), the results of which are presented 
elsewhere (I), and by laser microprobe mass analysis 
(LAMMA). EPXMA gives quantitative results about the 
major chemical composition of a particle, but fails to detect 
elements with Z  < 11; hence, for example, ammonium 
compounds, which are very important from an environ­
mental point of view, will go unnoticed. LAMMA can fill 
this gap. Furthermore, it can provide information about 
trace elements (its detection limits, although element-de- 
pendent, are generally a factor of 10 or more better than
’ On leave from th e  D epartm ent of Physics, Laval University, 
Québec, Canada.
those of EPXMA) and possibly about surface coatings and 
organic components. Cluster ion formation in the laser 
plasma and different sensitivities might however obscure 
the compositional information to some extent. LAMMA 
is less automated than EPXMA, hence much more labor 
intensive and less appropriate to analyze huge amounts 
of particles.
E x p e r im e n ta l  S e c t io n
Analytical Technique. In the LAMMA-500 instru­
ment (Leybold-Heraeus, Cologne, Germany), individual 
aerosol particles are vaporized by a single high-power laser 
pulse (r = 15 ns) of a Q-switched frequency-quadrupled 
Nd:YAG laser (X = 265 nm; power density 107-1 0 11 W* 
cm'2). The resulting microplasma contains atomic and 
molecular ions, as well as electrically neutral fragments. 
Depending on the spectrum polarity chosen, positive or 
negative ions are accelerated and collimated into the drift 
tube of a time-of-flight mass spectrometer, where they are 
separated according to their m / z  ratios. The signal is then 
fed into a 32-KB memory transient recorder (LeCroy 
TR8818) and digitized. Spectra are stored on a personal 
computer for off-line data handling. Groups of spectra can 
be automatically calibrated, integrated, and compared to 
a library of standard spectra, which can be complemented 
by the user (2). All software applied is homemade. The 
instrument and part of the software package are discussed 
extensively by Verbueken et al. (3 ) and Van Espen et al.
(4).
Sampling Procedure. Aerosol samples were collected 
under predominantly cloudless conditions during six dif­
ferent flights with a twin engine aircraft Piper Chieftain 
(PA 31-350 PH-ECO) of Geosens B.V. Company (Rot­
terdam, The Netherlands). At the beginning of each flight, 
an upward spiral was flown at the Goeree Platform (51°- 
55.5'N, 3°40.0/E), while S 0 2 and 0 3 concentrations, tem­
perature, and dew point were continuously monitored to 
localize the inversion height. From there, for each flight, 
six tracks of 120 km were flown over the North Sea in the 
direction of the wind; the six tracks were about equally 
spaced between the sea surface and the boundary layer. 
For every track, a sample for LAMMA was obtained by 
means of five-stage single-orifice Batelle-type impactors,
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Figure 4 . The number distribution (in percent) of all analyzed particles 
versus their diameter.
shows the size distribution of the detected particles and 
not the real aerosol size distribution as it can be found in 
the atmosphere. It can be seen that only 10% of the 
detected particles were smaller than 0.7 /un, which con­
firms the calculated cutoff point of 0.8 /un. Although 
particles with diameters up to 100 p m  were found, only 
2% had diameters larger than 15 /un. The relative low 
abundance of these very large particles might be a result 
of the splintering of big particles during the impact, es­
pecially of liquid drops (41).
S u m m a r y  a n d  C o n c lu s io n
In order to investigate the importance of giant airborne 
particles, air sampling was carried out over the southern 
bight of the North Sea. Analysis of the collected samples 
was done by EPXMA.
Four sources of giant aerosol particles were found by 
PFA: aluminosilicates, combustion processes, and an in­
dustrial and a marine source. Hierarchical and nonhier- 
archical cluster analysis enabled us to find a clear dis­
tinction between flights for which the associated air masses 
were marine or continental.
The most abundant particle types were fitted with a 
log-normal size distribution. The experimentally found 
distributions for sea salts, sea salts enriched with sulfur, 
and organic, CaS04, and Fe-rich particles were fitted well 
by the log-normal distribution, while aluminosilicates had 
a bimodal size distribution with average size maximums 
at 4 and 15 /un.
To confirm the importance of giant aerosol particles, 
further research on giant particle size distributions and 
collection efficiencies is needed. In the near future, more 
experiments with the impaction rod should lead to a me­
thod which enables us to calculate the upper size limits 
of the collected giant particles. The design and use of 
improved and new giant aerosol samplers should allow us 
to obtain a more precise view on the giant aerosol size 
distribution and composition.
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diam  relative abundance per elem ent, w t %
no. abund, % ian N a Mg Al Si P S Cl K Ca Cr Fe Ni Cu Zn O
1 22 3.2 0.6 0.5 0.6 2.7 0.6 1.3 1.1 0.1 61 0 0.9 0 0 0 31
2 21 4.2 14 1.0 0.1 0.8 0 3.7 75 1.6 2.3 0 0.3 0 0 1.1 0
3 20 3.0 0.9 1.5 0.7 2.2 0.1 21 2.0 0.7 22 0.1 2.4 0.3 0.1 0.1 46
4 17 2.7 1.6 4.0 2.7 4.2 3.1 6.7 11 10 5.0 0.4 5.7 0.6 1.1 11 32
5 14 3.8 0.1 0.5 8.1 28 0.1 1.6 1.2 2.0 6.1 0 4.7 0 0 0.1 47
6 5 2.6 0 0.3 0.3 1.7 0.1 0.1 1.4 0.2 1.5 1.8 60 0.6 0 0.2 31
7 1 2.2 69 0 0 0 0 2.1 0.8 0.4 0 0 0 0 0.3 0 27
In flights with continental air mass history, potassium 
and zinc chlorides and phosphates were found. They 
probably result from burning organic material and mu­
nicipal waste (38, 39). Results point to a low content of 
heavy metals in the giant particle size range. Since heavy 
metals are commonly emitted in high-temperature com­
bustion processes, they are mostly drained into the at­
mosphere as gases, which condense from the vapor phase 
to predominantly submicrometer particles at sudden 
cooling. The occurrence of submicrometer aerosols con­
taining heavy metals above the North Sea has indeed been 
reported in EPXMA results (40).
The sea-salt particles (4%) were only found in the lowest 
tracks (20 m). The iron-rich and quartz particles were only 
found in small amounts (3-4%).
In summary, in flights with air masses with marine in­
fluence, the samples were mainly characterized by sea salts, 
sea salts enriched with sulfur, and CaS04 particles. Sam­
ples from flights correlated with air masses of a continental 
origin were high in aluminosilicates and Ca-rich, organic, 
and CaS04 particles.
3. Nonhierarchical Clustering. To get an overall 
view on the particle types collected in all samples together, 
a nonhierarchical clustering was performed. In order to 
classify the 500 measured particles into 7 particle groups 
in each of the 25 collected samples, a hierarchical clustering 
(Ward’s method) was performed on each of the 25 samples 
separately. The average elemental abundances of 175 (7 
X  25) particle groups (7 in each sample), obtained from 
the clustering of the 25 samples, were clustered again, 
which provided us again with 7 groups of average elemental 
abundances now for all 25 samples together. These were 
further used as centroids for the nonhierarchical clustering. 
Results of the ZAF-corrected nonhierarchical clustering 
are given in Table III. The oxygen in Table III has been 
calculated by assuming all elements were present in the 
form of oxides.
From Table III it appears that 22% of the detected 
particles consist of Ca-rich (61% Ca) particles. Nearly as 
much (21%) of the North Sea giant aerosols are sea sadts, 
while 20% of the particles are found to be CaS04 particles. 
From Table III it can be seen that the Cl/Na ratio in group 
2 is 5.4, which is greater than the seawater value. This is 
a result of the clustering. Since not all particles, which 
are brought together in the so-called “sea-salt” cluster, 
necessarily contain the same amount of Na and Cl, the 
Cl/Na weight ratio after the clustering may significantly 
differ from the actual Cl/Na seawater ratio. Group 4 can 
be identified as potassium, zinc chlorides. The abundance 
of this particle type (18%) is very high compared to the 
results obtained from the hierarchical clustering, it is likely 
that they have been mixed up in the nonhierarchical 
clustering with particles without major X-ray intensities, 
previously identified as organic particles. Group 5 is 
characterized by high contents of Al, Si, Ca, and Fe (re­
spectively 8%, 28%, 6%, and 5%) and therefore it can be
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Figure 3. The log-normal fitted size distribution of the aluminosilicates.
ascribed to aluminosilicates (14%). Group 6 contains 
Fe-rich (60% Fe) particles (5%), while the low-abundance 
group (1%) is identified by a high content of Na (69% Na). 
The size of the particles varies between 2.2 /an for the 
Na-rich particles and 4.2 mm for the sea salts.
4. Particle Size and Distribution. A description of 
the size distribution of several of the most abundant 
particle types was achieved by means of a log-normal 
distribution. The experimentally found size distributions 
of sea salts, sea salts enriched with sulfur, and CaS04, 
Fe-rich, and organic particles turned out to be fitted well 
by the log-normal distribution, and they also had average 
sizes between 1 and 3 /tm. Aluminosilicates, on the other 
hand, presented a bimodal distribution; the total distri­
bution could be split up into two separate distributions 
with average diameters centered at 4 and 15 /im. This 
suggests the presence of two completely different sources 
of aluminosilicates. Closer observation of the particle size 
and shape revealed that the smaller sizes were round in 
shape, while the fraction of the particles with diameters 
around 15 /an were often irregularly shaped. This suggests 
that the smaller, spherical fraction originates from high- 
temperature combustion processes, which lead to fly ash. 
Especially when the sampled air masses came from Eastern 
Europe, these particles were responsible for the major part 
of the aluminosilicates (>60%). The irregularly shaped 
larger aluminosilicates, on the other hand, are windblown 
soil dust particles. The log-normal fitted size distribution 
of the aluminosilicates is shown in Figure 3.
In Figure 4, a number distribution for all 12500 particles 
as a function of their size is shown. Attention must be 
drawn here to the fact the size spectrum is cut off at the 
lower end by the impaction rod. Therefore, Figure 4 only
T a b le  II .  R e su lts  o f th e  H ie ra r c h ic a l  C lu s te r in g
group
no.
abund,
%
av
diam , nm
elem ents
detec ted identification
1
(a) F lights w ith  L ittle  C ontinental Influence 
31 3.5 N a, Cl, S S enriched seaspray
2 18 3.3 Na, Cl seaspray
3 16 2.9 Ca, S gypsum
4 10 2.0 Fe Fe-rich
5 8 3.9 S, Cl sulfates
6 6 3.1 Ca, S, Cl Cl enriched gypsum
7 5 3.2 Al, Si, Cl alum inosilicates
8 5 3.1 none organic
9 1 1.9 N a N a-rich
1
(b) F lights w ith a  S trong C ontinen tal Influence 
36 3.1 Ca (Si, P ) Ca-rich
2 17 2.1 none organic
3 12 3.3 Ca, S gypsum
4 11 4.3 Al, Si alum inosilicates
5 4 2.7 K, Cl (Zn) K, ZnCl
6 4 3.7 Cl, N a seaspray
7 3 3.6 Fe Fe-rich
8 2 2.6 Si quartz
centrations of Na, Mg, S, and Cl are to be expected at 
lower altitudes, as observed. Factor 3 has high loadings 
for Cu and Zn, suggesting the existence of an industrial 
source for Cu and Zn. Generally, Zn is emitted evenly in 
Europe, whereas emissions of Cu are attributed to Central 
and Eastern Europe (28). Heavy metal concentrations in 
the atmosphere were reported to reach maximums with 
east-southeast winds (29) and should therefore be mainly 
found in flights with a continental air mass history. This 
was recently confirmed by Injuk et al. (1). Cl and K, which 
characterize factor 4, are probably the result of combustion 
processes. The burning of organic material leads to 
emission of K, but also the burning of municipal waste in 
incinerators leads to potassium and zinc chlorides. In 
summary, PFA on 13 variables distinguished 4 classes of 
giant aerosol sources: aluminosilicates (Al, Si, Ca, Fe), 
marine aerosols (Na, Mg, S, Cl), and aerosols from met­
allurgical processes (for Zn, Cu) and combustion processes 
(for K, Cl).
2. Hierarchical Clustering. Only 6 out of 25 samples 
correspond to a wind sector which is representative of 
marine air masses, whereas the remaining 19 samples 
correspond to other wind directions, which have as major 
sources Belgium, The Netherlands, Germany, Poland, 
Czechoslovakia, and Denmark. Depending on the sample, 
three to seven different aerosol groups were distinguished. 
Overall results of the hierarchical clustering for flights with, 
respectively, little and strong continental influences are 
listed in Table lia and b. In these tables, average diameter, 
abundance (in percent), and the identification of each 
particle type are shown.
(a) Marine Air Masses. The flights with little con­
tinental influence are characterized by southwest wind 
directions. Then air masses come directly from the At­
lantic Ocean through the English Channel, and anthro­
pogenic influence is consequently low.
In these marine flights, mainly untransformed and 
transformed sea salts were found, accounting for up to 49% 
of the total aerosol abundance. Sea salt and transformed 
sea salt find their existence mostly in the mechanism of 
white cap formation during high-speed winds and bubble 
bursting. The sea-spray particles can then react with other 
compounds in the atmosphere. Eriksson (30) stated that 
the Cl loss in sea salt is the result of pH-lowering reactions 
between NaCl and acid atmospheric components such as 
H2S04, and this was later confirmed by Hitchcock et al.
(31). As a result, degassing of HC1 takes place and CT is 
replaced by S042" (32). The abundance of the transformed 
sea salt enriched with S was positively correlated with 
altitude. This seems in agreement with the fact that these 
aged aerosols had a residence time long enough to allow 
chemical reactions with other compounds.
Ca-rich (and especially CaS04) particles account for up 
to 22% of the total aerosol abundance. Ca-rich particles, 
which may or may not be associated with sulfur, were 
found in all flights. CaS04 particles were very common 
in marine as well as in continental flights. CaC03 could 
be transformed into CaS04 in the atmosphere by H2S04 
(33). Some of the CaS04 particles contain Cl". This might 
point out that CaS04 particles are partly of marine origin: 
interaction between marine CaC03, mainly coming from 
skeletons of pelagic organisms, and H^O., in the air could 
be a possible source. Fractionated crystallization of gyp­
sum (CaS04-2H20) out of sea spray and splitting off of the 
gypsum crystals could be another source (34). Other 
marine elements (such as Na, Mg, and K) were not ob­
served in this type of particle.
In the lower tracks (under 300 m), a considerable part 
of the detected particles was of anthropogenic origin. The 
occurrence of these anthropogenic particles explains the 
aluminosilicates (5%) and organic (5%) and Fe-rich (10%) 
particles found in the hierarchical clustering. Particle 
resuspension could be a possible source for the anthro­
pogenic particles, but more likely direct emission from land 
could explain the occurrence of these particle types. In 
the predominantly marine flights, air masses at lower levels 
came over the northwest of France. In the region of 
Roubaix and Le Havre (France) the iron industry is very 
intense, which could explain the high abundances of Fe 
in the lower tracks. Also the power plants in northwest 
France can partly explain the high abundance of CaS04.
(b) Continental Air Masses. Particle abundances 
during periods in which the air masses came from the 
continent were mostly dominated by Ca-rich, organic, and 
CaS04 particles and aluminosilicates. Ca-rich particles and 
different combinations mainly containing Ca (e.g., Ca-P, 
Ca-Si-S, and Ca-Fe) yield 36% of the aerosol abundance. 
Abundances of Ca-rich and CaS04 particles were always 
higher for flights with a continental air mass history than 
for marine flights. Ca-bearing particles can be related to 
high-temperature combustion processes as well: large 
quantities of CaC03 are used in thermal power plants, as 
a desulfurization agent, to enhance the oxidation of S02 
and neutralize the S03; this leads to sulfates. Furthermore, 
some of the CaS04 particles were enriched with Si. This 
particle type is associated with coal combustion (35).
Particles with no major X-ray intensities were classified 
as organic (17%); they seem anticorrelated with altitude 
and could therefore be related to biogenic material such 
as pollen, spores, and bacteria. Organic particles are also 
emitted during combustion of fossil fuels.
Aluminosilicates are clearly less abundant in typical 
marine flights than in flights with continental influence, 
where they account for 11% of the particle abundance. 
The aluminosilicates can be divided into two groups: 
windblown soil dust and fly ash. Even though these 
particles have roughly the same chemical composition, they 
usually differ in morphology, as will be discussed later. A 
considerable amount of the aluminosilicates contained S, 
which can be related to the fact that a substantial part of 
these particles originates from coal combustion (fly ash). 
On the other hand, this might be a result of a sulfur layer 
formed on the soil dust particles, as reported by Win­
chester et al. (36, 37).
stan d ard
variable factor 1 factor 2 factor 3 factor 4 com m unality deviation
N a -0.42 0.69 0.36 0.814 0.09
Mg 0.75 0.627 0.13
Al 0.95 0.928 0.06
Si 0.96 -0.18 0.956 0.05
P -0.40 -0.85 0.913 0.06
S 0.86 0.878 0.08
Cl -0.31 0.73 0.46 0.883 0.07
K -0.28 0.84 0.822 0.09
Ca 0.59 -0.60 0.773 0.10
Fe 0.90 -0.26 0.887 0.07
Cu -0.30 0.83 0.25 0.867 0.08
Zn 0.85 0.813 0.09
height 0.38 -0.35 0.36 -0.52 0.672 0.11
eigenvalue 4.74 3.54 1.39 1.16
% variance explained 36.3 27.1 10.6 8.9
source ID alum inosilicates m arine industrial com bustion process
“ A bsolute values for factor loadings sm aller th an  3 tim es th e ir standard  deviation were deleted for simplicity.
abundance. Therefore, they were excluded from the data 
matrix. One of the most important problems of PFA is 
the decision of the dimensionality of the model. The de­
cision on how many factors should be retained is often 
rather subjective. But it is usually a “rule of thumb” to 
retain as many factors as there are eigenvalues greater than 
unity. More detailed information on the strategy for 
performing PFA on EPXMA data can be found elsewhere
(23) .
Collection Uncertainties
Collection of giant aerosols is not a straightforward 
matter. In aerosol sampling by filtration, suction velocities 
are usually too small to collect giant aerosols. Aerosol 
sampling by impaction as a function of particle size nor­
mally requires isokinetic conditions for representative 
sampling.
In order to calculate the collection efficiency E  of the 
impaction rod on top of the aircraft, we assumed the same 
physics for the impactor as for the scavenging of particles 
by rain droplets; the impaction rod was considered as a 
droplet (diameter 1 cm) falling through the air with a speed 
equal to the speed of the airplane (75 m/s) during col­
lection. For the calculations, the equations given by Slinn
(24) were used. These equations treat the impaction 
surface as a sphere, but during the calculations this was 
corrected to the actual shape and dimensions of the im­
pactor rod. Further theoretical background can be found 
elsewhere (25).
The results show (Figure 2) that an impaction rod, at 
aircraft speed, can be used to collect particles with a di­
ameter above 0.8 ixm. This seems to compare well with 
the obtained EPXMA results, where the smallest detected 
particles had diameters around 0.6 nm. The slight increase 
in collection efficiency for small particles is the result of 
collection by Brownian diffusion. Because Brownian 
diffusivity of particles increases as the particle size de­
creases, this effect is more distinct for small particles.
The upper size range of the collected particles is limited 
by bounce-off and reentrainment. When a particle strikes 
the surface, it can bounce off back into the gas stream or 
cause a previously collected particle to be knocked off the 
surface. In both cases, for single-stage impactors, this 
means that the concentration of particles collected is too 
small. These problems can be minimized by coating the 
surface of the impactor to absorb the kinetic energy of the 
particle. EPXMA results showed maximum diameters
Figure 2. Calculated collection efficiency for giant North Sea particles 
collected with a direct impaction rod.
around 25 nm. Less than 1% of the detected particles were 
larger than 25 |im.
Results and Discussion
1. Principal Factor Analysis. PFA, performed on the 
correlation matrix of the data set, which gives the pattern 
of relationships between the factors, resulted in four ei­
genvalues greater than 1 (4.74, 3.54,1.39,1.16), while the 
fifth and sixth eigenvalues were respectively 0.71 and 0.56. 
Therefore, further calculations were performed with the 
four-factor solution.
Results of the Varimax rotated factor analysis are shown 
in Table I. Only factor loadings greater than 3 times their 
standard deviation are shown, because only these are 
considered as statistically significant (26). The four factors 
together explain 83% of the total variance. Communalities 
are high for all variables, except for Mg, Ca, and “altitude”. 
Factor 1 has high loadings for Al, Si, Ca, and Fe. Alu­
minosilicates, both windblown soil dust and fly ash, which 
have similar chemical compositions with respect to many 
elements, probably correspond to this factor. Factor 1 is 
positively correlated with altitude, which could be ex­
plained by the presence of a long-range-transported min­
eral aerosol at high altitudes. Factor 2 most likely rep­
resents marine impact. Furthermore, this marine source 
is slightly anticorrelated with altitude. If one considers 
the mechanism by which matrix and trace elements are 
injected from the sea into the atmosphere (27), high con-
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Figure 1. Backward trajectory of a flight with (a, top) a  strong marine 
influence or (b, bottom), a  strong continental influence: (1) 140 m, (2) 
770 m, (3) 1450 m, (4) 3015 m.
information is stored on a disk.
3. Multivariate Methods. To allow interpretation of 
the obtained information, hierarchical and nonhierarchical 
cluster analyses were used to classify particles with similar
chemical composition into “particle groups”.
Hierarchical cluster analysis was used to classify the 500 
particles, measured in each of the 25 samples, into groups 
based on their chemical composition. It was then possible 
to calculate the percent abundance of each group in each 
sample. Here, the clustering was performed on the nor­
malized X-ray elemental intensities of each analyzed 
particle. We used the software package DPP (14). Ward’s 
method (error sum of squares) was chosen because it yields 
a maximal internal homogeneity (15). The condition for 
the joining of two groups, using Ward’s method, is that the 
decrease in homogeneity is kept as small as possible. Thus, 
whenever a pair of clusters is joined, the homogeneity is 
calculated by determining the sum of square distances of 
each object to the centroid of the cluster. This calculation 
is done for each pair of clusters and those clusters will be 
joined which will lead to the smallest decrease in homo­
geneity.
Since the hierarchical clustering cannot be used for si­
multaneous classification of all measured particles in all 
samples due to the enormous amount of computer time 
calculating the distances between 12 500 particles in each 
cycle of a hierarchical clustering would take, we used the 
nearest centroid sorting technique. Nearest centroid 
sorting is a group of nonhierarchical cluster methods, which 
classifies objects (particles) in clusters according to their 
distance from the centroids of a fixed number of previously 
chosen training vectors, which are obtained by a hier­
archical clustering. The distances between all objects and 
the training vectors are calculated. All objects that were 
incorrectly classified in the initial clustering are relocated 
with the nearest centroid method. The centroids of the 
new clusters are calculated. This procedure is repeated 
until convergence appears. The result of such a clustering 
is that objects in a cluster are very similar to each other, 
while the clusters themselves are well separated. More 
theoretical aspects on nonhierarchical clustering can be 
found in publications of Anderberg (16) and Bernard (17).
After the clustering, a standardless ZAF correction was 
carried out in order to convert the relative peak intensities 
into elemental weight compositions. Performing ZAF 
corrections on each of the measured particles separately 
would, in principle, be better, but would require an 
enormous amount of computer calculating time. There­
fore, the ZAF correction is performed after the clustering.
To identify the different sources for giant aerosols, 
principal factor analysis (PFA) with orthogonal Varimax 
rotation was performed on the data set. PFA has already 
been used in many other atmospheric studies, e.g., by 
Henry and Hidy (1 8 ,1 9 ) , Rojas et al. (20), Schaug et al. 
(21), and Wolff et al. (22). The objective of PFA is to take 
p  variables and find linear combinations of these to pro­
duce uncorrelated new variables (factors), which are or­
dered in decreasing order of importance so that the first 
one explains the largest amount of variance. It is a com­
mon practice to perform an orthogonal rotation of the 
original factors in order to facilitate their interpretation. 
In this case, the Varimax rotation was chosen. This type 
of orthogonal rotation consists of maximizing the variance 
of the squares of the factor loadings. Here the data matrix 
consisted of 13 variables (Na, Mg, Al, Si, P, S, Cl, K, Ca, 
Fe, Cu, Zn, and altitude). An element was considered to 
be detected if the X-ray intensity of the element was found 
above detection limit in one of the 500 analyzed particles 
for each sample. Occasionally other elements such as Pb, 
Ni, Cr, Br, Ti and V were detected in a particle. However, 
when detected, these elements were found in particles that 
always contributed less than 0.5% of the total aerosol
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■ In order to investigate the importance of giant airborne 
particles, air sampling was carried out using an aircraft 
which flew at different altitudes over the southern bight 
of the North Sea. A set of 25 samples was collected with 
a steel rod on top of the airplane. Some 12 500 individual 
particles were analyzed using electron probe X-ray mi­
croanalysis. Principal factor analysis allowed identification 
of four sources of giant aerosol particles: aluminosilicates, 
combustion processes, industrial processes, and marine 
sources. Hierarchical and nonhierarchical cluster analysis 
enabled us to classify the analyzed particles. A clear 
distinction was found between flights for which the asso­
ciated air masses were marine or continental. The ex­
perimentally found size distributions for sea salts, sea salts 
enriched with sulfur, and organic, C aS04, and Fe-rich 
particles were fitted well by the log-normal distribution, 
and average sizes of these particle types were found to be 
~ 3  iim . Aluminosilicates had a bimodal size distribution 
with average size maxima at 4 and 15 fim .
I n tr o d u c t io n
The North Sea is surrounded by highly populated and 
heavily industrialized countries and consequently it is 
subjected to pollution of industrial, domestic, and agri­
cultural origin through different channels. Input of con­
taminants, transported by rivers, and direct dumping into 
the North Sea have long been known as major sources of 
pollution. But is has been shown that atmospheric input 
of particulate matter or aerosols by wet and dry deposition 
processes contributes significantly to the North Sea pol­
lution (1).
Every aerosol particle type differs in shape, size, density, 
and chemical composition. Each of these physical pa­
rameters has a strong influence on the behavior of the 
aerosol in the air.
Giant aerosol particles with a radius above 1 /un, and 
especially those larger than 10 /im, are of extreme im­
portance to aerosol fluxes. Their concentration in the 
atmosphere is low, but is should be emphasized that a 
particle of, for example, 10 /an has 1000 times more mass 
than a l-/tm particle and its deposition velocity is ca. 100 
times higher (2). Calculations by Dedeurwaerder (3) 
showed that deposition of giant particles explains 94% 
(Cd), 96% (Cu), 85% (Pb), and 88% (Zn) of the total dry 
deposition above the North Sea. Furthermore, if global 
aerosol production rates are estimated, discrepancies of 
0.1-4000 tons/year occur, depending on whether particles 
with diameters up to 1 or 1000 ^m are included in the 
calculations (4). One should expect giant particles to be 
of local interest only, since a typical residence time of 1 
day has been reported by Jaenicke (4); however, the 
presence of giant mineral aerosols has been observed in 
long-range transport (5). All these facts point to the ex­
treme importance of giant aerosol particles for the total 
deposition process.
Due to their relatively low concentrations, it was not 
until the early 1970s that serious interest was taken in giant 
aerosol particles. Noll and Pilat (6) and Whitby et al. (7) 
pointed to the importance of these particles in the total 
deposition process and cloud and precipitation processes. 
They stated that, of the atmospheric aerosol mass dis­
tribution, approximately 81% of the total mass was ac­
counted for by particles larger than 1 p m  (of which 45% 
was by particles with diameters between 10 and 50 p m ).  
Mészâros (8) studied the relation between the giant particle 
size distribution and the relative humidity. A major part 
of the published articles focused on giant sea spray par­
ticles (9 -11). But sampling difficulties and measurement 
errors are still the limiting factor in the study of these 
particles. This probably explains why the total amount 
of published articles on this topic is very limited until now. 
This article will approach the collection and analysis of 
the giant particles from a new and different point of view.
E x p e r im e n ta l  S e c t io n
1. Sampling Strategy. In order to measure at different 
altitudes above the North Sea, a twin engine aircraft 
(Geosens B.V., Rotterdam, The Netherlands) equipped 
with different gas and particulate matter sampling devices, 
was used. To collect giant aerosol particles, a special 
sampling device, consisting of a circular impaction surface 
(diameter 1 cm) covered with a particle-free sticky tape 
and supported by a vertical bar, was exposed outside the 
airplane perpendicular to the streamlines of the air around 
the plane and directed upwind. Only the front side of the 
rod was covered with a sticky tape, and therefore, particles 
were only collected on this side of the impaction device. 
Although very simple, this appeared to be an efficient way 
of collecting giant aerosols. More details on sampling 
strategy and flight plan can also be found elsewhere (12).
In each flight, samples were taken at different altitudes 
more or less equally spaced between the inversion layer 
and the sea level in order to obtain a vertical distribution 
of the giant aerosol. For every flight a set of six samples 
was taken for each altitude. The last track, only 10-30 m 
above sea level, was intended to assess particle resuspen­
sion by sea spray. All flights were carried out during 
relative cloudless and dry periods. Information about the 
origin of the collected air masses was obtained by studying 
the backward trajectories, which were provided by the 
Royal Dutch Meteorological Institute (KNMI). Two tra­
jectories, shown in Figure la  and b, are typical for tra­
jectories of air masses with a marine and continental origin, 
respectively. The different pressure levels (1000,925, 850, 
700 hPa) correspond to the respective altitudes above sea 
level (140, 770, 1450, 3015 m) (SPT).
2. Analysis. In 5 different flights, a set of 25 samples 
was collected and the analysis of 12 500 particles (500 in 
each sample) was performed by electron probe X-ray 
microanalysis (EPXMA) on a 733 Superprobe (JEOL, 
Tokyo, Japan) equipped with a TN-2000 system (Tracor 
Northern). For every analysis, an accelerating voltage of 
20 kV and a beam current of ca. 1 nA was used. The 
EPXMA technique allows one to obtain morphological 
data such as average diameter and shape factor while the 
chemical composition can be derived from an energy-dis­
persive X-ray spectrum. The single-particle analysis 
program 733B (13) allowed us to perform automated in­
dividual particle analysis. Localization of a particle is 
obtained by successive horizontal scanning with the elec­
tron beam. During this process, contour pixels of a particle 
are stored into the memory. When all contour grid points 
have been stored, area, perimeter, and diameter are cal­
culated and an X-ray spectrum is accumulated. All this
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dose-response relationship to dietary selenium” (Hakkarainen et al, 1978). 
Inasmuch as some of these studies correlate selenium dietary levels to 
glutathione peroxidase activity in serum or erythrocytes, the dominant 
contribution of the erythrocytes to the total blood enzyme activity: 85.8%, 
should be emphasized (Jorgensen et al, 1977). Hence, erythrocyte 
glutathione peroxidase is an excellent correlator for selenium intake only 
after 4 weeks, as it Incorporates into erythrocytic glutathione peroxidase 
only during erythropoiesis (Hafeman et àl, 1974). The erythrocyte enzyme 
is totally selenium-dependent, while the plasma enzyme is not. For these 
reasons we limited the search for a possible correlation between selenium 
intake and glutathione peroxidase activity in the erythrocytes, and only 
after 4 weeks of drinking high-selenium water.
The present U.S. Environmental Protection Agency drinking-water 
standard for selenium of 10 |*g/l, was suggested with the unfounded 
rationale of selenium suspected as being a carcinogen. Lafond and 
Calabrese 1979 suggest that 50|<g/l be determined as the upper standard for 
selenium 1n drinking water, this will providing sufficient selenium for 
glutathione peroxidase activity and still be below the toxic effects of 
this element. Such a level seems preferable 1n light of the now vast 
literature on the relevance of selenium in the human, and its possible 
ant1carc1nogen1c role 1n high-proliterative diseases like cancer and 
psoriasis.
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Internal Mixture o f Sea Salt, Silicates, and 
Excess Sulfate in Marine Aerosols
M e i n r a t  O .  A n d r e a e , *  R o b e r t  J. C h a r l s o n ,  F r a n k  B r u y n s e e l s , 
H e d w i g  S t o r m s , R e n e  V a n  G r i e k e n , W i l l y  M a e n h a u t
In d iv id u a l ae ro so l partic les  fro m  th e  rem o te  m arin e  a tm o sp h e re  w ere  investiga ted  by  
scan n in g  e lec tro n  m icroscopy  an d  e lec tro n  m ic ro p ro b e  analysis. A  la rge frac tio n  o f  th e  
silicate m in e ra l c o m p o n en t o f  th e  ae ro so l w as fo u n d  to  b e  in te rn a lly  m ixed w ith  sea- 
sa lt ae ro so l p artic les. T h is  o b se rv a tio n  exp lains th e  u n expected  sim ilarity  in  th e  size 
d is tr ib u tio n s  o f  silicates an d  sea sa lt th a t  h as b een  o b se rv ed  in  rem o te  m arin e  aerosols. 
R e e n tra in m e n t o f  d u s t  p artic les p rev iously  d ep o s ite d  o n to  th e  sea surface a n d  collision  
b e tw een  ae ro so l partic les  can  be exc luded  as p ossib le  sou rce  m echanism s fo r  these  
in te rn a lly  m ix ed  aeroso ls. T h e  in te rn a l m ix in g  co u ld  b e  p ro d u ce d  by  processes w ith in  
c lo u d s, in c lu d in g  d ro p le t coalescence. C lo u d  processes m ay  a lso  be responsib le  fo r  th e  
obse rv ed  e n ric h m e n t o f  excess (n onsea-sa lt) su lfa te  o n  sea-salt particles.
SILICATE DUST PARTICLES OF CONTI- ncntal origin are transported in the atm osphere over long distances to  re­
m ote oceanic regions (I) and contribute 
m ost o f  th e  nonbiogenic com ponent o f  pe­
lagic m arine sedim ents. These particles have 
been characterized by bulk chemical and 
mincralogical analysis (J, 2). T he particle 
size d is tribu tion  o f  silicate aerosols over the  
rem ote oceans has show n tw o  paradoxical 
characteristics. First, the  mass m edian d iam ­
eter o f  the  particles docs n o t always decrease 
w ith transport distance as m uch as w ould be 
expected from  differential settling o f  the  
larger particles (3,4). Second, over the open 
oceans far from  continents, the  apparent size 
d istribu tion  o f  the  silicate com ponent (mass 
m edian diam eter, 1.5 to  4  p m ) often ap ­
proxim ates th a t o f  the  sea-salt particles 
(mass m edian diam eter, 4  to  8  pm ) (3 -5 ) , a 
phenom enon th a t is unexpected in view o f  
the different o rig in  and atm ospheric resi­
dence tim e o f  the tw o  types o f  particles.
W e report here the results o f  a m iaochcm - 
ical investigation o f  individual silicate parti­
cles collected over the  rem ote oceans. These 
observations are in terpreted  in term s o f  the 
possible m odes o f  transport o f  these parti­
cles, the  processes o f  cloud and aerosol 
physics th a t contro l their atm ospheric be­
havior, and their bulk chemical com position 
as a function  o f  particle size. O u r results 
dem onstrate th a t it is feasible to  use aerosol 
com position  as a tes t o f  the  validity o f  
hypotheses regarding chemical and physical 
processes in clouds (6).
Aerosol samples were collected from  a 
ship in  the  equatorial Pacific O cean betw een 
Ecuador and H aw aii. T he cruise track and 
the bulk characteristics o f  the  aerosols have
been described (5, 7). T he coarse fraction o f  
the  aerosol was collected on  N udepore  fil­
ters [50%  cut-off diam eter, 1.2 p m  (5)]. 
E l ctron microscopic inspection o f  the fil­
ters show ed tha t they collected only a few 
particles smaller than  1 p m  in diam eter (the 
m edian particle diam eters were 2  to  3 pm ). 
T he particles present o n  the  filters were well 
separated from  one another, typically by 
abou t ten  particle diam eters; thus the likeli­
hood  th a t com posite particles originate 
from  the  deposition o f  a particle o n to  a 
previously deposited one is very low.
T he samples were analyzed first in  an 
autom ated  m ode (m agnification, x 3 0 0 ) in 
w hich several thousand particles were lo ­
cated, sized, and analyzed by energy-disper­
sive x-ray spectrom etry. Particles containing 
silicon w ere then im aged by scanning elec­
tro n  m icroscopy (SEM ). W e analyzed indi­
vidual com ponents o f  com posite particles by 
focusing th e  electron beam  o n to  these com ­
ponents a t high  m agnification ( x  10,000). 
W e calibrated the x-ray spectra against m in­
eral standards by using a series o f  fitting and 
correction program s.
T h e  three particle types and their statisti­
cal d istribu tions are show n in Fig. 1 and 
Table 1. T his classification is based on  d u s ­
te r analysis o f  the autom ated scans (9). T he 
first class o f  particles, “sea salt,”  indudes 
particles th a t arc com posed predom inantly 
o f  sodium , chlorine, and variable am ounts 
o f  potassium , m agnesium , calcium, and sul­
fur, and are the  result o f  the crystallization 
o f  seaw ater droplets (JO). In  sample C 6, 
collected relatively d o se  to  the coast o f  
Sou th  Am erica, a num ber o f  mixed-cation 
sulfates w ere com m only associated w ith sea- 
salt particles: some have the com position o f
evaporite deposit minerals, for example, 
glauberite, N ajC alS C hh , and blocditc, 
N a2M g (S 0 4)2. O thers have com positions 
th a t cannot be explained stoichiometrically 
o n  the  basis o f  the x-ray analyses, for exam­
ple, N aC a(S 0 4)2, N aM g (S 0 4)2, N aS O * 
K M g (S 0 4)3Cl, N a jM g (S 0 4)i 5, and N a3K. 
I t is like!)' tha t the missing com ponents in 
these formulas arc am m onium  and n itrate  
ions, w hich were observed in the  ion  chro­
m atographic analysis o f  this sample. Al­
tho u g h  som e o f  these crystal phases are 
probably an artifact o f  the drying process 
and may n o t represent the phase relations 
u n d er atm ospheric conditions, their pres­
ence gives evidence o f  the reaction o f  sea-salt 
particles (present in the atm osphere as a 
m ixture o f  brine w ith  evaporite m ineral-) 
w ith  atm ospheric nitrogen and sulfur spe 
d es , such as N H }, H N O j, H ï S0 4, and SO- 7 
T h e  resulting replacement o f  chloride by 
nitrate  and sulfate is confirmed by the  ion 
chrom atographic analysis o f  th is sam ple, 
w hich show ed a loss o f  chloride relative to  
sea-salt com position.
T h e  second class o f  particles consists o f  
C a S 0 4 particles containing l in k  o r  n o  o th e r 
sea-salt ions. These particles arc especially 
abundant in sample C l  1 from  the  equatorial 
upw elling region. T hey could be produced 
by the  breakup o f  a sea-salt particle contain­
ing a gypsum  crystallite upon im pact o n  the 
filter surface. A m ore interesting possibility, 
w hich could also explain the calrium  excess 
o ften  observed in rem ote marine aerosols (4,
5 ) , is tha t they result from  the reaction o f  
atm ospheric S02 w ith  m arine biogenic 
C aC O j particles (coccoliths), w hich, be­
cause o f  their alkalinity, w ould provide a 
suitable chemical environm ent fo r this reac­
tion . Alternatively, C aC O j could react w ith  
H 2S0 4 as a result o f  aerosol interactions 
w ith in  clouds.
T h e  th ird  particle class (“silicates”) con­
tains all particles w ith detectable am ounts o f  
silicon. I t can be further broken dow n  in to  
pure silicate mineral particles and particles 
also containing sea salt. In  all three samples, 
the  fraction o f  silicate partides assodated 
w ith  sea-salt particles (internally m ixed sea- 
salt and silicate aerosol) is betw een 8 0  and 
9 0% , an  unexpected finding in  view  o f  
predicted rates o f  collision betw een aerosol 
particles o f  this size and their atm ospheric 
abundance. T he observed internal m ixing o f
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Tabic 1. Concentrations and characteristics o f coarse aerosol particles (>1.2 pm in diameter) from the atmospheric boundary layer over the equatorial Pacific 
Ocean as determined by election probe microanalysis. Air-mass back-trajectories show that the air masses sampled had in all cases come from the east and re­
mained over the ocean in the trade wind region for at least S days.
Sample
Sampling
period
(1982)
Latitude,
longitude
No. o f 
particles 
analyzed"
Parades 
per cubic 
meter
Sea
sale
Particle types (%)
CaS04 Silicate- 
sea salt
Pure
silicate
C6 7 -8  July 2* to <rs,
82* to 88"W
1492 129,000 85.6 6.0 6.8 ' 1.6
C l l 16-19 July 1*N, 118* 
to 125*W
2629 — 106,000 88.4 9.4 1.9 0.3
CIS 29 July- 
2 August
6* to 17*N,
i40*w
912 90,000 64.7 3.1 28.0 4.2
tea-salt and  silicate aerosols could be respon­
sible for th e  sim ilarity in  th e  size distribu­
tio n  o f  th e  silicate and  sea-salt aerosols and 
the  lack o f  a decrease in silicate p a ra d e  size 
w ith  distance from  land (3-5).
T o  verify w hether th e  observed silicate 
p a ra d e s  w ere representative and d id  n o t 
incorporate a storage o r  analytical artifact, 
w e derived a bulk aerosol com position  from 
the  individual p a rtid c  analyses by using the 
sp o t analyses o f  the  silicate particles and the 
p a ra d e  geom etry  as ob ta ined  from  the  SEM  
im ages. T h e  results w ere com pared w ith  the  
com position  o f  the  bu lk  aerosol obtained by 
pro ton -induced  x-ray em ission (PD Œ ) on  
the  sam e filters as used fo r this study, and by 
instrum ental neu tro n  activation analysis 
(IN A A ) o f  sim ultaneously collected high- 
volum e samples [Table 2 , PD Œ  and INAA 
data  from  (5)]. All analyses w ere in agree­
m en t to  w ith in  a factor o f  2  o r  better.-
T w o  m echanism s could  explain an inter­
nally m ixed sea-salt/silicate aerosol: (i) the 
reinjection d u rin g  sea-spray form ation  o f  
m ineral p a ra d e s  th a t have previously settled 
o n to  the  sea surface, o r  (ii) th e  collision o f  
sea-salt and  silicate p a ra d e s  in  the  atm o­
sphere. I f  90%  o f  the  silicate aerosol p a ra ­
d es  are associated w ith  sea salt, the  first 
m echanism  w ould  im ply th a t m ore than 
90%  o f  th e  p a ra d e s  deposited  o n to  the  sea 
surface are reinjected in to  th e  atm osphere. 
T he fu s ib ility  o f  th is m echanism  can be 
tested  by com paring  th e  enrichm ent o f  alu­
m inum  (relative to  sod ium ) in  the  aerosol 
w ith  the  alum inum  enrichm ent in  sea-spray 
drop lets (Table 3 ). T h e  observed values are 
h igher by m ore th an  tw o  orders o f  m agni­
tude  th an  th e  enrichm ent o f  alum inum  o b ­
served in sea-spray m aterial [4 2 0 0  in the 
A tlantic, 2 0 0  in  the  Irish  Sea ( i f ) ] .  Further­
m ore, o n  th e  basis o f  th e  alum inosilicate 
p a ra d e  density  in open  ocean seaw ater [ 105 
p a ra d e s  per liter (72)] and the  u p p er end o f  
the  estim ates o f  sea-spray enrichm ent 
(5  x  103), w e predict alum inosilicate aero­
sol p a ra d e  densities o f  50  to  100 m ' 3, in 
con trast to  th e  observed values o f  2  x  103 
to  3 x  104 (Table 3). Clearly, the  reinjec­
tio n  m echanism  canno t explain the  observed
abundance o f  internally m ixed sea-sah/sili- 
cate aerosol particles.
Several m echanism s may bring  salt and 
m ineral p a rad es  toge ther in  th e  a tm o ­
sphere: (i) collision due  to  d ifferen t settling 
velodties, (ii) Brow nian coagulation o f  
aerosol p a rad es , (iii) electrostatic attraction , 
(iv) collision o f  a  m ineral p a ra d e  w ith  a 
cloud droplet contain ing  sea salt, and (v) 
coalescence o f  a cloud d rop let contain ing  a 
mineral p a ra d e  w ith  a d rop le t con tain ing  a 
salt particle. T he first tw o  processes are n o t 
likely to  be im portan t because o f  the  small 
settling v d o d tie s  o f  th e  p a rad es  involved 
and their small num ber densities. M odel 
calculations based on  the use o f  aerosol 
characteristics representative o f  o u r sam ple 
set suggest th a t the  lifetime due to  capture 
via differential sedim entation is greater than  
10 days (13) and  th a t the  lifetime fo r a 
silicate particle p rio r to  contacting a  salt 
p a ra d e  by B row nian diffusion is o n  the  
o rder o f  100 years, b o th  longer th an  the  
overall lifetime o f  a coarse aerosol particle.
W e shall examine possible cloud-related pro­
cesses instead.
Inside clouds, there arc tw o  steps in the 
processing o f  coarse p arad es: activation and 
coalescence. I f  the  surface o f  a mineral dust 
p a rtid c  has a coating o f  even a small am ount 
o f  w ater-soluble m aterial (the residue from 
the  last rainw ater th a t fell o n  it o r  the 
p roduct o f  chemical w eathering), it will 
probably be a cloud condensation nucleus 
(C C N ) activated at low  supersaturation be­
cause o f  its large size. If, o n  the  o th er hand, 
the mineral particle is hydrophobic, because 
o f  a lack o f  soluble material on  its surface or 
because o f  a nonpolar organic coating, then 
it m ight n o t be a C C N . W hen a rising air 
parcel first enters a region o f  supersatu ra­
tion , droplets grow  on  the existing C O N ’S. 
Subsequently, if  the dust is n o t a C C N , the 
still dry dust p a rad es  can collide w ith and be 
enveloped in droplets. T his initial scaveng­
ing o f  the m ineral p a rad es in to  cloud d rop­
lets is itself the result o f  several simultaneous 
processes: Brownian m otion  o f  the mineral
Fig. 1. Internally mixed sea- 
sak/silicate aerosol parades: 
(A and B) partides from the 
equatorial Pacific off Ecuador 
(sample C6); (C and D) par- 
tides from the intertropical 
con vo  genet south of Hawaii 
(sample C15). Chemical com­
position of the component 
parades: 1, Nad; 2, sihratr, 
3,CaS04; 4,*NaMg(S04),*; 
S, ‘NajMgfSO.hj*; 6, 
■NaMfrCXSO,),*; « I  7, 
•NajK.’ (The formulas in 
quotation marks ate not 
charge-balanced, srex they in­
clude only the ions dnrctahlr 
by x-ray fluorescence.) Magni­
fication, x 10,000; scale har, 1 
pm.
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Table 2. Chemical composition of the coarse fraction (>1.2 (im in diameter) of aerosols from the marine boundary layer (sample origin as in Table 1) as de­
termined by electron probe microanalvsis (EPMA), ion chromatography (IC), proton-induced x-ray emission (PIXE), and instrumental neutron activation 
analysis (INAA).
Sample
Concentration (ng m~3) Sulfur
enrichment
factor#
Mass % 
XSO4A1 Si Ti Fe - Na SO4S XSO4-S*
C6 50t 93t 0.9t 25t 1760t 280* 189* 3.08 14.1
<40$ 41$ 1.1$ 19$ 1080*
S7H 25«
C ll 6.6t 17t 0.4t 2.3t 1450t 207* 53* 1.34 2.6
<40$ <17$ <0.8$ 2.3$ 18401
9.011 <121
CIS 771 176t 3.5t 48t 1090t 153* 81* 2.14 8 2
36$ 131$ 2.6$ 27$ 850+
son 34«
Equatorial . r~— - •• 1.46 ± 0.15 3.5 ±  1.1
Pacifid
'Excess (nonsea-salt) sulfite. t  Determined by EPMA ^Determined by IC {Determined by PDŒ (5). IDetetmined by INAA (i). {Average of eight aerosol 
samples collected during the same cruise. * ( X / N s e / v « ) m<M1[
grains, tu rbu len t diffusion in microscale ed ­
dies, convection, electrical effects, diffu- 
siophoresis (w hich pushes particles in the 
direction o f  w ater vapor diffusion), therm o- 
phoresis (w hich pushes particles dow n tem ­
perature gradients), and differential sedi­
m entation  o f  droplets relative to  d u st grains
(14). T he tiipe required fo r the  w etting  o f  
an initially hydrophobic dust particle is n o t 
precisely calculable. Sim ple consideration o f  
the tim e required for differential sedim enta­
tion to  be effective in  a m arine cloud w ith  
100 droplets per cubic centim eter o f  4 0 -pan 
radius suggests times on  the  o rder o f  103 to  
10* seconds. W illiams (14) repo tted  a sim i­
lar range o f  lifetimes for 1-p m  particles. 
Because droplets in marine cumuli also have 
lifetimes on  the o rd er o f  103 to  10* seconds, 
the passage o f  du st particles th rough  clouds 
even a few tim es w ould ensure th a t the  
silicate particles are w etted  w ith  cloud w a­
ter.
Since m ost cloud droplets do  n o t fall as 
rain b u t evaporate, the  solute from  the 
original C C N  is left behind as a residue o n  
the  surface o f  th e  m ineral particle. T he next 
tim e such a particle enters a cloud, it will act 
as a C C N  because o f  the  soluble m aterial on  
its surface and its large size. A  similar history 
o f  events occur for salt particles tha t en ter a 
cloud, except th a t they are always active 
CO N ’S and therefore are solution droplets 
th ro u g h o u t the ir residence in  the region o f  
supersaturation. All cloud droplets undergo  
coalescence processes w ith  o th er droplets 
and accum ulate w hatever solute was in those 
droplets.
M ost cloud droplets in m arine settings 
form  on  C O N ’S th a t are com posed o f  sul­
fates; a small fraction o f  the  droplets have 
sea-salt particles as their C O N ’S. T he frac­
tion  o f  C O N ’S contain ing  sea-salt is variable 
and can be estim ated from  the population  o f  
cloud droplets in m arine clouds and from
determ inations o f  the  typical num ber con­
centration o f  sea-salt particles. R adke (75) 
reported  simultaneous m easurem ents o f  
bo th  sodium -containing particles and 
C ON ’S in  m id-latitude m arine air. Sodium - 
containing particles larger than  0.2 pan tha t 
could be C O N ’S ranged in  concentration 
from  0.1 to  1 cm -3, w hich is consistent w ith  
o u r data (Table 1). These particles account­
ed for only 1% o r  less o f  the  to ta l C C N  
concentration (typically in the  range o f  50 
to  100 cm -3 ). T h a t excess (nonsea-salt) 
sulfate particles dom inate the rem aining 
99%  o r  so o f  the C C N  population  is no t 
directly provable in these experim ents, bu t 
data on  aerosol and rainwater com position 
in rem ote settings are consistent w ith  this 
inference (16). —  - ‘
A ny cloud coalescence process th a t brings 
sea salt toge ther w ith mineral particles m ust 
also lead to  interactions betw een sulfate- 
contain ing  and sca-sak-containing droplets 
and therefore enrich sea-salt particles w ith 
excess su lfite . T he observation o f  such an 
enrichm ent in  coarse sea-salt p a ra d e s  w ould 
therefore be an independent tes t o f  o u r 
collision hypothesis. T he am ount o f  enrich­
m ent depends o n  the  num ber o f  coalescence 
events th a t a  sca-sah p a ra d e  experiences 
du ring  its atm ospheric residence and o n  the  
concentration o f  excess sulfate in  cloud
droplets. T aking 10~SM  as a typical concen­
tra tion  o f  excess sulfate in rem ote m arine 
clouds (based o n  rainw ater com position), 
the  expected value o f  100 coalescence events 
needed to  b ring  a m ineral grain  in to  contact 
w ith  one  o f  th e  1%  o f  the  d o u d  droplets 
th a t contain  sea salt, a m ean d rop let size o f  
10-3 cm , and a radius o f  10-4 cm  fix  the  dry 
mineral and salt p a rad es , w e predict th a t th e  
sea-salt p a ra d e s  should  accum ulate 10% o f  
their mass in excess sulfate. A n excess sulfate 
percen tage o f  this m agnitude was indeed 
observed in  o u r samples (average excess 
sulfate con ten t: 3 .5  ±  1.1%  by w eight; 
h  =  8) (Table 2). Such an enrichm ent is also 
consistent w ith  o u r observations o n  sea-salt 
aerosol samples: w e find an enrichm ent o f  
sulfite o n  coarse (> 1 .5  pan in  diam eter) 
p a rad es  on  th e  o rd er o f  2  to  5%  in samples 
from  the  Southern  O cean (17), th e  tropical 
and tem perate A tlantic (3, 18), and  the  
tropical Pacific (4). T he reaction betw een 
a d d  sulfates and silicate minerals b ro u g h t 
together by in -d o u d  processes can also ac­
count for the  presence o f  C a S 04 p a rad es  o n  
silicate aerosol p a rad es  (Fig. 1) and the  low  
cak ium  concentrations in  the  silicate com ­
ponen t o f  these p a rad es  (18), since th e  
calcium extracted from  the  minerals by 
H 2SO4 w ould  crystallize as C a S 04 upon  
evaporation o f  th e  cloud droplet.
Table 3. Comparison o f the observed concentration o f silicate aerosol particles with that expected from 
the sea-spray reentrainment o f dust particles settled onto the sea surface.
Concentration (ng m -3) Al/Na Enrichment Silicate parades (m~3)
pie Na* Alt (11)
ratio 
(x  10*) factor* Predicted Observed
C6 1,080 50 46,000 1,000,000 54 10,800
C ll 1,840 6.6 3,600 78,000 92 2,300
C15 ._ 850 77 90,000 2,000,000 43 29,000
Seawater 10.8 0.5 x  10-4 0.046 1
g kg" g kg"
•Determined by 1C tDetermined by EPMA t(A l/N a)^^(A PN a),
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■ More than 25000 individual aerosol particles in 51 
particulate matter samples, all taken from a research vessel 
over the North Sea and the English Channel, in a time 
range of 4 years, were analyzed by automated electron 
probe X-ray microanalysis (EPXMA). Multivariate 
methods were used to reduce the total data set. Single­
particle analysis combined with hierarchical cluster 
analysis yields nine major particle types. The North Sea 
aerosol is predominantly composed of sea salt, sulfur-rich 
particles, silicates, and calcium sulfate particles. Their 
abundance is dependent on meteorological conditions and 
sample location. Differences between all samples were 
studied on the basis of the abundance variations by using 
principal component analysis. Three factors explain 91% 
of the total covariance between the samples. The first 
component represents the marine-derived aerosol fraction 
and is more important as wind speed increases or at more 
remote sampling locations. The second component dif­
ferentiates anthropogenically derived CaS04-rich samples. 
Their relative abundance is much more pronounced as the 
sampled air masses spend longer residence times over the 
south of England. The samples of the third cluster are 
related to high silicate and sulfur abundances. Source 
apportionment of this group was obtained by a second 
principal component analysis. Two different clusters 
separate mixed marine/continental samples from pure 
continental-derived silicate and sulfur-rich particulate 
samples.
I n tr o d u c t io n
Since the North Sea is surrounded by the western and 
northern parts of the European continent and by Great 
Britain, it undergoes strong influences from industrial, 
agricultural, and domestic activities. On a long term, ac­
cumulation into the North Sea could change the chemical 
environment. Therefore, attempts are made to estimate 
the impact of the surrounding anthropogenic activities on 
the North Sea. The man-made pollutants can reach the 
North Sea by several pathways including river transport, 
direct discharges by pipelines, dumping activities, and 
atmospheric transport. The North Sea aerosol is a mixture 
of many components, some derived from the sea itself and 
some having descended from aloft.
Because of internal heterogeneity of the aerosol samples 
(i.e., the chemical diversity of the particles as a conse­
quence of their different production mechanisms), indi­
vidual particle analysis can advantageously be applied for 
the source identification of various atmospheric pollution 
processes. The relative percentage abundance of the 
specific particle types can be a measure for the source 
strength. Besides source apportionment, microanalysis can 
also be useful for the investigation of the behavior of 
particles during transport (e.g., gas-to-particle conversion, 
coagulation processes, etc.). A reduced sampling time and 
the small amount of material needed for individual mi­
croanalysis can be advantages in the study of different 
dynamic processes.
E x p e r im e n ta l  P ro ced u re
Samples and Sample Preparation. A total of 51 
aerosol samples were collected over the North Sea and 
English Channel during various cruises in a time range of 
4 years (1984-1987) aboard the R /V  B elgica . Atmospheric 
aerosols were sampled on 47-mm-diameter Nuclepore 
filters with a pore size of 0.4 /an. The filtration units are 
provided with a hat-type inlet to avoid the collection of 
large droplets and rain. The whole is mounted in the mast 
on the foredeck of the ship, 6 m above deck, 11 m above 
the sea surface, and facing 0.5 m upwind from the mast 
itself. When the relative wind direction to the ship is 
unfavorable, or not within +45 to -45°, the power supply 
of the pump is cut off in order to avoid contamination by 
the vessel. Figure 1 shows different tracks for the various 
cruises. Comparison of the particle sizes for samples si­
multaneously collected with and without the hat-type inlet 
showed no differences in size range below 15 /un (1).
Depending on weather conditions and sampling area, the 
sampling time was ~ 8  h in order to collect 5-10 m3 of air. 
For sampling sites near coastal regions, smaller sampling 
volumes are needed compared to "off-shore” locations. In 
contrast, higher sampling volumes are necessary during or 
after rain events because of reduced particle number 
concentration in the air by “rain-out" effects. To reduce 
chemical changes as well as compositional and morpho­
logical transformations of the atmospheric aerosol, each 
filter was immediately put between Petri dishes and stored 
in a refrigerator. A part of the Nuclepore filter was 
mounted on a plastic ring that fit into the electron mi­
croprobe sample holder. All samples were coated with a 
thin carbon layer of approximately 40 nm to improve 
electrical conductivity.
Instrumentation. Single-particle analysis was per­
formed by electron probe X-ray microanalysis (EPXMA) 
using a JXA-733 superprobe of JEOL (Tokyo, Japan). 
This superprobe is equipped with energy- and wave- 
length-dispersive X-ray spectrometers, a secondary and 
transmission electron detector, and two simultaneously 
operating backscattered electron detectors (for topographic 
and compositional imaging). The probe is automated with 
a Tracor Northern T N  2000 system and an LSI 11/23  
microcomputer controlling all EPXMA parameters. The 
obtained data can be stored either on magnetic tape or on 
double-density floppy discs. All information can, at any 
time, be transferred to a VAX 11/780 computer for ad­
ditional off-line data processing.
Automation Methodology. During the execution of 
the automated particle recognition and characterization 
(PRC) program, the electron beam scans over a preset area 
of interest. When the backscattered electron intensity of
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Figure 1. Different sampling routes on the North Sea, English Channel, and Celtic Sea.
the particle contour exceeds a predefined threshold value, 
the object is considered detected. Size parameters such 
as the perimeter, average diameter, and shape factor 
[(perimeter)2/4îr area] are calculated. The diameter 
measured by EPXM A is based on the projected area of 
the particle and might differ from the aerodynamic diam­
eter! An X-ray spectrum can be accumulated at the center 
of the particle or by performing cross scans over the 
particle. Subsequently an X-ray spectrum is calculated 
and deconvoluted. Thus, the whole PRC program is set 
up in three sequential steps: localizing, sizing, and chem­
ical characterization, after which the beam scans for the 
next particle.
For each aerosol sample, ~ 5 0 0  particles in a size range 
from 0.2 to 15 /im were automatically analyzed. X-ray 
spectra were accumulated for 15 s with a beam current of 
1 nA and an acceleration voltage of 20 kV. This whole 
operation takes less than 3 h per sample and yields a huge 
data set. To reduce the data, two hierarchical and one 
nonhierarchical cluster analysis were applied for each 
sampling campaign (2). First a hierarchical cluster analysis 
performed on the elemental composition data of 500 
particles resulted in an average composition data set. For 
this, every particle i is presented in a N-dimensional space 
as an object vector with coordinates according its N -e le ­
m e n ta l  composition. Here N  is the number of variables 
and equals the number of different elements detected in 
one sample. The method starts from m  objects (m = 500 
particles) that are to be classified, and at each step the two 
most similar objects (particles) or already formed clusters 
are merged into a single cluster. The similarity between 
two objects was derived from the Euclidian distance 
coefficient between the objects. The Ward method (error
sum of squares method) was used for the calculation of the 
distances between newly formed clusters and the remaining 
objects and/or clusters. So, the more close two objects or 
clusters are, the more similar they are. A second hier­
archical clustering was performed on the average compo­
sition data of the samples and resulted in a set of training 
vectors (centroids) that are representative for that sam­
pling campaign. Finally, a nearest centroid sorting (non­
hierarchical cluster analysis) is used to classify all particles 
from one campaign according their distance from the 
centroids of the clusters. The method of Forgy (3) min­
imizes the sum of squares of the distances to the centroids 
for a fixed number of clusters. This procedure results in 
an average composition data set for each North Sea sample 
according the centroids of the corresponding campaign.
The whole particle classification procedure involves thus 
a series of cluster analyses and is followed by a principal 
component analysis (PCA). The purpose of the PCA 
method is to represent the variations present in the data 
in such a way that, without losing significant information, 
the dimensionality is reduced. To achieve this, new var­
iables (components) are constructed, according to a linear 
combination of the original variables, in such a way that 
the newly formed principal components are uncorrelated 
and that they are constructed with decreasing degree of 
importance. The principal components obtained in this 
way represent the linear indepenent variance present in 
the data of original variables. The most important sources 
for the variance in the data are examined by studying the 
first principal components. General information about the 
PCA technique can be found elsewhere (4). Several papers 
discuss expert systems to sort out individual particle data 
(2, 5 -8 ) .
T a b le  I. R a n g e  fo r  th e  P a r t ic le  Id e n t if ic a tio n  B a se s  on  th e  
M ean  P e rc e n t  A b u n d a n c e  fo r  E a c h  C lu s te r  G ro u p
particle  type criteria: based on relative X -ray  in tensities
sea salt 
aged sea sa lt 
sulfur-rich 
calcium 
sulfate 
calcium -rich 
alum ino­
silicates 
quartz
titan ium -rich
iron-rich
Cl > 75%
24% <  S <  44% 
S >  71%
23% <  Ca <  45%
12% <  Ca <  90% 
17% <  A1 <  30%
88% <  Si <  91% 
72% <  T i <  82% 
72% <  Fe <  91%
7% <  N a <  10%
38% <  Cl <  60%
46% <  S <  60%
5% < P  <  58% S <  16% 
50% <  Si <  62% 4%  <
Fe <  8%
The accuracy for the X-ray measurements is close to 1% 
for abundant elements. The reliability (2<r values) of the 
relative abundances of the particle types can be calculated 
from binomial statistics and is between 2 and 5% absolute 
when 500 particles are measured. It has been shown (9) 
that the variability on the composition of the clusters is 
almost entirely due to the variation in the particles’ com­
position and is therefore a reliable measure for the hete­
rogeneity of the clusters. The accuracy of particle sizing 
depends mainly on two differnt factors: (a) threshold 
setting of the backscattered image signal and (b) the 
magnification used. Accuracies within 20% are obtained 
(10). The reproducibility for particle sizing using the 
backscattered electron image is within 6% for the mean 
diameter.
R e s u l t s  a n d  D isc u s s io n
Conventional X-ray microanalysis makes it possible to 
detect elements from Z  > 11. The measured X-ray output 
data consist of relative peak intensities obtained by a fast 
filter algorithm (FFA), namely, a symmetrical convolution 
function by the Hardeman transformation (11). The 
relative percent X-ray intensity expresses the ratio of the 
net X-ray intensity of that element to the total net X-ray 
intensities collected from that particle. This information 
is important for chemical intercomparison of particles and 
can thus be used for the assignment of particles to various 
particle types. The hierarchical clustering procedure ap­
plied to the elemental composition of more than 25 000 
particles collected from different parts over the North Sea, 
the English Channel, and the Celtic Sea resulted in the 
identification of nine major relevant particle types. Some 
low-abundance particle types were encountered; although 
their abundance cannot be determined with high accuracy, 
their occurrence in the aerosol can be important with re­
gard to the deposition and source apportionment of some 
specific trace elements. The characteristics of these minor 
particle types will be discussed separately. Table I gives 
an overview of the nine major particle types with the range 
of the average composition of the groups for each sampling 
campaign. These data give an idea of the criteria by which 
a particle was assigned to a specific particle type by hi­
erarchical cluster analysis. Note that the relative X-ray 
intensity of Na in NaCl is much lower than that of Cl. 
Indeed, Na has much lower sensitivity due to physical 
effects and because the absorption effects of the X-ray 
signal by the detector window are more important for Na 
than for Cl. Typical relative percent X-ray ratios of 1/12  
< N a/C l < 1 /8  are observed.
Relative abundances or particle number concentrations 
(expressed in percent) o f each particle type for every in­
dividual sample are given in Table II. The standard 
deviations of the relative abundances are given by binomial
statistics. For the individual EPXMA measurements, 
where a total of 500 particles were analyzed, the standard 
deviations are between 1 and 5% on a 95% confidence 
interval.
The number concentration of particles present in 1 m3 
marine air can be derived from the number of particles 
analyzed, multiplying these with the ratio of the filter area 
to the analyzed area. Table III tabulates the range of 
number concentrations of particles between 0.2 and 15 f tm  
above the North Sea calculated for the 51 samples ana­
lyzed. Accuracies were estimated to be ~  10% as based 
on uncertainties in analyzed filter area and sampled air 
volume. The findings of these data are in good agreement 
with aircraft measurements performed over the North Sea 
at sea level (12). There is clearly a tendency of increasing 
particle number concentration as the sampled air masses 
originate from over the continent. Knowing the total 
number concentrations of aerosol particles above the North 
Sea, the percent abundance of each particle type, the as­
sumed density for each particle class, and the mean 
equivalent spherical diameter of each particle belonging 
to that particle class, one can calculate the mass concen­
trations for each particle type. However, the accuracy for 
mass concentrations is worse than 60% and is highly de­
pendent on the accuracy for the diameter determination.
The nature, source and relative abundance variations 
for each particle type will subsequently be discussed in 
more detail.
Different Particle Types. (1) Sea-Salt Particles.
A particle type is defined as sea salt when the average 
content of Cl exceeds 75% in relative X-ray intensity. No 
other element, except Na, is of any significance. It is 
postulated that the total contribution of freshly generated 
NaCl present in the marine atmosphere is attributed to 
a marine source. The main process for the generation of 
fresh sea salt into the atmosphere is the breaking of waves. 
This process is more effective as the wind speed increases 
(13).
Very large variations in number concentrations for 
sea-salt aerosols are found ranging from 0 to 94% of the 
total number fraction. High sea-salt abundances were 
found in the August campaign of 1985 when samples were 
taken under stormy southwest winds: whitecap formation 
and sea spray induced by wind action are predominantly 
responsible for the ejection of sea salt into the atmosphere. 
The anthropogenic particle fraction is not necessarily low 
but is totally suppressed by the domination of sea salt. 
Contrarily, for the cruise of May 1986, the air mass tra­
jectory went through the Channel, via the south coast of 
England, until the influence of the Atlantic Ocean was 
clearly observed. Nearing more westerly regions is re­
flected by an increase in sea-salt concentrations. Back- 
trajectories of the sampled air evolved from far over the 
Atlantic Ocean without continental interferences. No 
anthropogenically derived particulate matter was detected.
(2) Transformed or Aged Sea-Salt Particles. This 
particle type is rich in S and Cl. Also mixtures of N aN 03, 
Na2S04, and NaCl are possible (14). These S- and Cl-rich 
particles are identified as aged sea salt. They are formed 
by the conversion of NaCl into Na2S 0 4 by S 0 2, implying 
the release of HC1 in the marine atmosphere. These results 
are consistent with the findings of other authors (15 -18 ).
The contribution of S enrichment in sea-salt aerosols 
is more pronounced in the samples for which an important 
anthropogenic influence on the marine atmosphere is ex­
pected. The mixing of air masses is always observed on 
passing from continental conditions toward more marine 
ones or vice versa. This was clearly observed for the
T a b le  II . R e la tiv e  P e r c e n t  A b u n d a n c e s  o f  N in e  P a r t ic le  T y p es  fo r  51 N o r th  S ea  S am p le s
d ate sea sa lt
aged 
sea salt S-rich CaSO,
Dec 84 0 2 19 0
63 10 4 0
33 7 7 0
0 0 35 0
Aug 85 77 0 2 11
26 0 3 9
8 0 2 8
0 0 5 5
0 0 33 21
0 0 11 48
M ar 86 0 0 61 0
0 0 32 4
0 0 67 3
0 0 61 3
1 0 24 12
M ay 86 18 0 53 5
20 20 35 3
60 27 0 3
52 40 0 2
68 17 3 2
84 8 4 1
91 6 2 0
77 4 4 5
94 5 0 0
91 9 0 0
83 14 0 0
90 4 0 2
77 12 1 2
56 26 7 4
11 11 32 18
2 0 38 9
Ju n e  87 0 0 13 82
0 0 69 17
0 0 12 5
0 0 19 72
0 0 2 94
1 0 33 50
0 0 21 68
0 0 4 84
0 0 85 6
0 0 32 13
O ct 87 3 2 21 37
2 36 8 8
1 42 6 3
1 4 41 14
Nov 87 0 1 43 17
0 1 38 9
1 0 60 19
0 0 50 13
0 0 56 8
0 0 35 20
(d iam ), um 0.8 0.7 0.7 0.8
T a b le  I I I .  P a r t i c le  N u m b e r  C o n c e n tra tio n s  (m~*) O b se rv ed  
fo r  T h re e  T y p e s  o f  S a m p le d  A ir  M asses  above th e  N o r th  
S ea
a ir m ass
ty p e  range m ean
m arine (7.9 ±  0.2) X 10M 6.9 ±  0.7) X 10* (3.9 ±  0.4) X 10*
m ixed (2.9 ±  0.3) X 10M 4.7 ±  0.7) X 106 (2.5 ±  0.5) X 106
con tinen ta l (8.7 ±  0.9) X 106-(2 .9  ±  0.6) X 10» (1.9 ±  0.7) X 108
campaign of May 1986. The corresponding back-trajectory
(Figure 2) shows originally marine air traveling over the 
southern part of England.
(3) Sulfur-Rich Particles. In general, the S concen­
tration is greater than 70% for this particle type, and no 
associations with Ca tire present. Studies on particulate 
S present in urban sites showed that numerous secondary 
reactions can take place (19, 20). Industrial S 0 2 gas 
emissions are oxidized in homogeneous or heterogeneous
alumino-
Ca-rich silicates Si-rich T i-rich Fe-rich
20 47 4 0 8
9 3 0 0 10
7 36 4 0 5
15 12 2 0 36
0 6 4 0 1
1 50 5 1 6
0 71 8 0 3
0 74 7 1 7
0 6 9 1 30
2 14 8 0 18
0 18 10 0 12
0 42 11 0 11
0 14 5 0 11
0 21 8 0 7
0 27 8 0 29
10 5 5 1 5
10 6 3 0 3
2 7 0 0 0
5 1 1 0 0
9 0 0 0 0
3 0 0 0 0
1 0 0 0 0
7 2 2 0 1
1 0 0 0 0
1 0 0 0 0
2 1 1 0 0
2 2 1 0 0
5 3 0 0 0
8 0 0 0 1
7 18 2 0 1
1 32 5 5 8
0 4 1 0 0
0 6 2 2 4
0 59 21 1 3
0 4 4 0 0
0 2 0 0 1
0 9 7 0 1
0 3 7 0 1
0 10 2 0 0
0 3 6 0 0
0 36 17 0 2
0 30 0 0 7
0 46 0 0 1
0 47 0 0 1
0 39 0 0 0
0 24 0 4 10
0 11 0 37 4
0 8 0 9 3
0 24 0 8 5
0 6 0 27 2
0 22 0 19 4
0.8 1.3 1.3 1.0 0.8
reactions and form SO*2-. Anthropogenic emissions like 
combustion of fossil fuel constitute the main source for the 
SO*2- release into the atmosphere. Often NH*+ is present 
in continental aerosols in concentrations high enough for 
partial or complete neutralization of H 2S 0 4 with the for­
mation of various ammonium salts as (NH4)2S 0 4, (NH4)- 
H S 0 4, and (NH4)3H (S 0 4)2 (21). Similar particles were 
found in the Phoenix urban aerosol (22), where the only 
detectable element was S. Here, several of these Phoenix 
S-bearing particles were detected, indicating that the cores 
are soot. It was also observed (23) that biological particles 
(composed of light elements, such as H, C, O, ai.d N) with 
their complex morphology and wet surfaces provide an 
attractive nucleating surface for S 0 2 absorption and con­
version to sulfate. In analogy to the North Sea aerosol, 
probably S-rich compounds have condensed onto or re­
acted with existing carbonaceous particles that have acted 
as condensation nuclei. The shape of the spectrum with 
its very high background is typical for organic and bio-
Figure 2 . Air mass back-trajectory for aerosols collected during the 
May 1986 campaign. The shaded area corresponds to ca. 36-h air 
mass back-trajectories calculated for a  height of 10 m above the North 
Sea. The air masses have traveled from point A toward B.
logical material, although carbon X-rays cannot readily be 
detected with conventional EDX analysis (23). However, 
X-ray spectra can distinguish between carbonaceous 
particles and, e.g., crustal particles, whereas morphology 
studies often differentiate botanical particles from soot 
(24). Signals from organic particulate matter can exceed 
the backscattered electron image threshold above the 
Nuclepore filter necessary for the localization of particles. 
The image signals from the filter backing material are 
normally completely suppressed by this threshold setting. 
So, if a localized and detected particle is composed almost 
entirely of elements lighter than Na, the organic nature 
can be ascertained from the relatively noisy background 
in its collected X-ray spectrum (25, 23). However, one 
must keep in mind that the total X-ray counts are still 
much lower than what is observed for, e.g., mineral par­
ticles.
Carbonaceous particles enriched in (NH4)H S 0 4 and 
(NH 4)2S 0 4 or mixtures at their surface are present over 
the North Sea as was also inferred from laser microprobe 
mass analysis (LAMMA) results (14). Most of these S-rich 
particles have a diameter in the submicrometer range. 
This might be an indication that they are formed by 
gas-to-particle conversion processes. Combustion processes 
are almost exclusively responsible for the high pollution 
gaseous sulfur compounds, although a smaller fraction can 
have a marine origin, as is the case for dimethyl sulfoxide 
(DMSO) and derived compounds. For the most westerly 
located sampling place of the May 1986 campaign, where 
only pure marine conditions were encountered, low con­
centrations of marine S-bearing compounds were detected.
The S-rich particulate matter was the most important 
particle type encountered in the sampling campaigns of 
March 1986 and November 1987. In March 1986, the 
atmosphere above the North Sea had been influenced by 
a long period of easterly wind and at the time of sampling 
the sea surface was smooth and the visibility strongly re­
duced due to a persistent fog. The particle concentration 
was very high, because of the presence of an inversion 
layer. The 36-h air mass back-trajectories (Figure 3) 
showed a steady supply of continental air traveling over 
West Germany, The Netherlands, and Belgium. For the 
November 1987 cruise, no fog and inversion conditions
Figure 3. Air mass back-trajectory for aerosols collected during the 
March 1986 campaign.
were observed. All filters have collected air masses ori­
ginating from above Eastern European countries. Com­
parable S concentrations were found in the June 1987 
campaign, although the air masses had long residence times 
above the south of England. Consequently, high S emis­
sions must be related to industrial and automotive sources 
from all over Europe.
(4) Calcium Sulfate Particles. Both Ca and S are
present in the same particles, with their elemental com­
position ranges given in Table I. These particles are very 
often found in both marine and continental aerosols. They 
are identified as CaS04. Some possible marine formation 
mechanisms are postulated (27), e.g.: (1) C aS04 can be 
produced by fractional crystallization of marine aerosols, 
a process that is especially efficient with high relative 
humidity. Possibly breakup of the CaS04 crystal from the 
sea-salt aerosol particle takes place either by impaction 
on the filter or during its atmospheric residence. (2) CaS04 
could result from the aerosol interaction between marine 
or airborne CaC03 with atmospheric S 0 2 or H2S 0 4, e.g., 
within clouds.
The abundance of CaS04 particles under purely marine 
conditions (May 1986) does not vary proportionally with 
sea salt. Furthermore, in the samples with highest C aS04 
contributions, NaCl is virtually absent. Actually much 
higher abundances are present in the samples influenced 
by the continent (June 1987). The March 1986 and June 
1987 campaigns were both characterized by high S-rich and 
Ca-rich particle number concentrations. For the reaction 
of particles with S 0 2 and/or S 0 42-, particles need to have 
the appropriate surface chemistry (in this aspect, calcite 
scores better than clay minerals and much better than 
silicates) and long suspension times in the air (23). Such 
sampling conditions, high humidity, persistant fog, and an 
inversion layer, were observed for the March 1986 sampling 
campaign, favoring such transformation reactions. It is, 
however, not evident that in the June 1987 campaign acid 
transformation reactions between CaC03 (may partly be 
derived from the cliffs of Dover) and S 0 2 or S 0 42' com­
ponents are dominant for the formation of CaS04 particles. 
If such reactions would have taken place, it implies that
Figura 4 . Air mass back-trajectory for aerosols collected during the 
October 1987 campaign.
all CaC03 particles had been fully transformed. Indeed, 
in the June samples with exceptionally high number con­
centrations of C aS04, the Ca-rich (CaC03) particle type, 
which is the obvious precursor for CaS04, was not observed 
at all. This means that C aS04 is predominantly emitted 
by anthropogenic sources such as combustion processes 
and by eolian transport from the continent to the North 
Sea. C aS04 has also been found in the fly ash particles 
collected from coal power plants (28). It is remarkable that 
all C aS04-rich filters were influenced by continental air 
masses traveling over the south of England (June 1987 and 
October 1987) (Figure 4). In some particular samples, the 
relative intensity of S is much higher than what is normally 
measured for C aS04. Hence, this particle type can partly 
be identified as CaS04 enriched with S, in the form of, e.g., 
(NH4)2S04. The formation of CaS04-(NH4)2S04 aerosols 
can be explained by the coagulation of C aS04 particles 
with submicrometer sulfate aerosols (19). These results 
were confirmed by LAMMA measurements (14).
(5) Calcium-Rich Particles. For the Ca-rich particle 
type, we can only postulate that they are mainly charac­
terized as CaC03 although C and 0  cannot be detected by 
our method.
All Ca-rich aerosols that contain less than 16% S are 
classified in this group. They can originate both from the 
marine environment and from continental sources.
As seawater evaporates, various dissolved salts begin to 
crystallize out sequentially. First calcite (CaC03) and 
dolom ite [C aM g(C 03)2] precipitate, then gypsum  
[CaS04(aq)], followed by halite (NaCl), and finally the Mg 
salts (29). If this crystallization effect takes place in an 
aerosol droplet, C aS04 as well as other salts (e.g., the re­
maining residues) would be detected on the filter. Only 
Ca-rich particles, C aS04, and NaCl were identified. Mg 
was detected in low abundances, never as the major cation 
in individual particles. Mg is mostly associated with Ca- 
rich or Ca-S-rich particles. Probably also the mixed salt 
[CaMg(C03)2] can undergo further reaction with gaseous 
S-rich components. A small fraction of Ca-rich particles 
show up to 15% S in the relative X-ray spectrum but are 
not classified in the C aS04 group according to the criteria 
of Table I. This can be an indication of the initiation of 
Ca-S-rich particle formation from CaC03 and/or derived
Figure 5. Air mass back-trajectory for aerosols collected during the 
November 1987 campaign.
components with atmospheric S 0 2 or H2S 0 4. According 
to the obtained data set, Ca-rich particles above the North 
Sea cannot unambiguously be apportioned to one source 
type.
(6) Aluminosilicate-Rich Particles. These particles 
are characterized by the presence of Al, Si, S, K, Ca, and 
Fe as major elements and Ti, Cr, Mn, Ni, and Zn as minor 
ones. This mineral type of particle finds it origin on the  
continent. X-ray spectra cannot distinguish whether these 
particles are soil dust or fly ash derived. Only morphology 
can sometimes differentiate their source. The soil dust 
particles have variable shapes and diameters ranging from 
submicrometer to ~ 5  /xm. However, sometimes 40% or 
more of all aluminosilicates have a smooth and nearly 
perfect spherical shape. This is especially true for the 
November 1987 cruise, when the sampled air masses were 
influenced by Eastern European emissions (Figure 5). 
Hence, these particles must be fly ash derived. They are 
formed during high-temperature combustion processes of 
fossil fuel and obtain their typical shape after solidification 
of the molten material. Smaller fly ash contributions are 
also observed during air mass trajectories over England 
and western Europe. In ~5%  of all aluminosilicates, a 
rather high S concentration was present in the aerosol 
during the March 1986 campaign. Because meteorological 
conditions favored high continental influences over marine 
ones, anthropogenic S from S 0 2 emissions is very likely 
to be responsible for secondary reactions. H2S 0 4 derived 
from S 0 2 emissions can have long residence times during 
calm weather conditions at high relative humidities. 
During long fog periods, high humidity, and inversion layer 
conditions, mineral particles that were initially hydro- 
phobic can most probably be wetted with acidified water 
droplets and are left behind as possible cloud condensation 
nuclei (CCN) for further reactions (27). These CCN can 
in an initial state be composed of an aluminosilicate nu­
cleus covered by a S-rich surface coating. But further 
transformation of element-specific extraction processes are 
also possible. Such reactions are responsible for the further 
breakdown of silicate mineral particles, forming silicon-rich 
clusters.
(7) Silicon-Rich Particles. In the Si-rich group, the 
Si-K  X-rays constitute more than 88% of the character­
istic X-ray spectrum. These mineral quartz particles are 
irregularly shaped. They can be derived from soil dust and 
therefore are often found in the presence of alumino­
silicates. Another fraction of the quartz particles are em­
itted during the combustion of coal in power plants (30, 
31 ). Most of the Si-rich particles are present in the size 
range below 1 ftm. The fact that these particles, just as 
the Fe-rich particles, are found in the smallest size range 
could strengthen the hypothesis that they are formed 
during combustion processes.
(8) Titanium-Rich Particles. For some North Sea 
samples (November 1987), rather high abundances of 
Ti-rich particles were observed. The mean relative X-ray 
intensity for Ti ranges between 65 and 85%.
The mean diameter of the Ti-rich particles is 1.0 f im  and 
the shape factor of 3 deviates far from 1 for spherical 
particles. The main source for T i release into the atmo­
sphere is pigment spray, but minor pollution processes and 
sources such as soil dispersion, asphalt production, and 
coal-fired boilers and power plants are also known (6). 
Sometimes chromium is detected in this particle group 
beside some contributions of Si, Zn, Pb, and Ba.
(9) Iron-Rich Particles. The samples taken near the 
continents show high contributions of Fe-rich particles. 
Within this cluster, three different Fe-rich particle types 
are recognized. The first subgroup consists of pure iron 
oxide. Most of these particles are spherical, but irregularly 
shaped particles are found as well. They are mainly pro­
duced by ferrous metallurgy processes. The second sub­
group consists of Fe-Zn-M n-rich particles. Within this 
group, the abundances for Zn and Mn are much more 
pronounced. They are derived from ferrous manganese 
furnace processes. Very often S is associated with Fe-rich 
particles: the Fe-S-rich particles constitute the third 
subgroup. These particles, probably pyrite and iron sul­
fate, can be formed by reaction between iron oxide and 
sulfuric acid, during their release in ferrous metallurgy 
related combustion processes.
(10) Minor Particle Type. Rare particles are also 
interesting because they can sometimes be apportioned 
unambiguously to one specific source.
Characteristic X-ray spectra showed that some S-bearing 
aerosols have P  and Cl as detectable elements. Also, a very 
high X-ray background is often observed originating from 
an organic matrix. Organic phosphorus is primarily formed 
through biological activities. Bubble bursting can cause 
enrichments of P  in the sea-salt aerosol particles by frac­
tionation out of the sea surface microlayer (32). When 
these P-rich particles mix with anthropogenic air masses, 
the S components can also react with these sea-salt par­
ticles forming aged sea salt enriched in P. The major 
sources for particulate P  in marine aerosols of New Zealand 
(33) are soil particles containing both naturally occurring 
and fertilizer-derived P, as well as sea-salt particles and 
industrial emissions. Na, Al, and V were associated with 
P as indicators or markers for, respectively, a marine 
source, a crustal weathering source, and an anthropogenic 
pollution source (e.g., burning of biological material). For 
the North Sea samples, no association between P and Al 
or V was detected and hence these particles probably have 
a marine origin.
Alternatively, the presence of P is often associated with 
Ca. These particles are classified into the Ca-rich group, 
although their percent abundance of relative X-ray in­
tensities from Ca and P are, respectively, 13 and 55%. 
This particulate matter can be fertilizer derived or is a 
residual from biological material (e.g., pollen) and can be 
transported over the North Sea by wind action. Ca- and
T a b le  IV . C u m u la tiv e  E ig e n v a lu e s  a n d  th e  L o ad in g s fo r  
th e  F i r s t  T h re e  P r in c ip a l  C o m p o n en ts  D eriv ed  fro m  th e  
C o v a ria n c e  M a tr ix  fo r  T w o  P C A  P e rfo rm e d  on  th e  N o r th  
S ea  D a ta
principal com ponents
for all for the
sam ples (51) th ird  cluster (29)
1 2 3 1 2 3
cum % 54 75 91 61 80 88
variables loadings
sea salt 0.99 0.01 -0.09
aged sea sa lt 
m arine fraction
0.42 -0.10 0.22
-0.50 0.86 -0 .10
sulfur -0.66 -0.40 -0.62 0.97 -0.04 -0.21
calcium sulfate -0.41 0.91 -0.01 0.25 -0.13 0.06
calcium-rich 0.24 -0.19 0.00 -0.08 0.29 0.39
alum inosilicates -0.41 -0.39 0.80 -0.90 -0.37 -0.22
quartz -0.39 -0.18 0.26 -0.21 -0.46 0.01
titanium -rich -0.23 -0.14 -0.23 0.29 -0.06 0.02
iron-rich -0.33 -0.21 0.00 0.11 -0.22 0.90
P-rich particles were also found in aerosol samples taken 
above the equatorial Pacific Ocean where only marine 
influences were expected (31). The relative X-ray inten­
sities of 60% for Ca and 30% for P, compared to what we 
found here, suggest indeed an other, still unidentified 
source.
For some samples, higher abundances of heavier ele­
ments like Pb and Br together with Cl were detected. 
These Pb-rich particles originate from automobile exhaust 
emissions. Pb is added to the gasoline together with 
ethylene dihalide compounds (Br, Cl). P b /C l/B r  com­
pounds can be identified as 2PbBrCl-NH4Cl (34). The 
emitted lead halides can readily be converted to lead 
sulfates by reaction with S 0 2, H2S 0 4, or (NH4)2S 0 4 with 
the loss of HBr (35). However, none of the transformed 
lead halide particles were observed in spite of the very high 
S concentrations present in the sampled air masses.
P r in c ip a l C o m p o n e n t  A n a ly s is
To study variations in the abundance data set, principal 
component analysis (PCA) was applied using a software 
package, ihe ^o-called Data Processing Program (DPP) 
(36). We used the relative percent abundances of nine 
particle types (nine variables) for 51 North Sea samples 
from Table II as input data for the PCA. The covariance 
matrix was used for the calculation of the principal com­
ponents. The first three principal components explain 
91% of the total variance present in the original data set. 
The loadings of the first three principal components, listed 
in Table IV, are plotted in Figure 6a, while the scores are 
represented in Figure 6b. Three main clusters are recog­
nized. The first group with a high score on the first 
principal component contains 14 samples with high 
abundances of sea salt and aged sea salt. A second cluster 
of eight samples is separated by the second principal 
component. The samples in this cluster are characterized 
by high C aS04 abundances. Because of the low negative 
score on the first principal component, the emission of 
C aS04 particles has to be related to continental anthro­
pogenic sources. The third cluster of 29 samples is elon­
gated in the direction of the first and third principal 
components. The third component is related to high sulfur 
and aluminosilicate abundance variations. To validate the 
robustness of these identified clusters, a hierarchical cluster 
analysis (Ward’s method, unstandardized variables) was 
performed on the data. When the result was studied at 
a three-cluster level, exactly the same clusters were found.
T a b le  V. M ean  R e la tiv e  P e rc e n t  A b u n d a n c e s  o f  E a c h  P a r t ic le  T y p e  C a lc u la te d  fo r  th e  F o u r  C lu s te r s  T h a t  W ere F o rm e d  b y  
P r in c ip a l  C o m p o n e n t A n a ly s is
type no. sea sa lt
aged 
sea salt S-rich CaSO,
m arine 14 76 13 2 2
C aS 0 4 8 1 16 67
m ixed 7 16 17 21 7
S /s ilic 22 1 41 9
m ean 51 23 6 23 16
° M F, m arine fraction.
The third group, however, cannot be attributed unam­
biguously to a specific source. Therefore, further separa­
tion within this group is necessary to differentiate marine 
influences from continental ones.
A second PCA was applied to these 29 samples. To 
enhance the difference between marine and continental 
aerosols, a new variable, the marine fraction (%) was in­
troduced, replacing the sea-salt and aged sea-salt variables. 
The marine fraction was defined as
(ss + aged ss)
m a r i n e  f r a c t i o n  ( % )  =  - —  ---------—  -----------------X 100
\ SS  I â g e  Cl SS  /  marine cluster
ss and aged ss represent the abundance of, respectively, 
the sea-salt and aged sea-salt particle type for each sample, 
and (ss + aged ss)mariMclurter is the mean of the sum of the 
sea-salt and aged sea-salt particle-type abundances for the 
marine cluster. The calculated value for the latter was 
89%.
The loadings of the resulting first three principal com­
ponents, listed in the three columns at the right side of 
Table IV, are plotted in Figure 7a and the scores are 
represented in Figure 7b. This figure shows two distinct 
clusters. One of them, with high score on the second 
principal component, consists of seven samples, and all 
have a high marine fraction (mean marine fraction of 
37%). This means that these analyzed particles originate 
from mixed marine/continental air masses. The other 
identified cluster contains nearly 100% continent-derived 
particles (22 samples), e.g., mean marine fraction of 1%. 
Variations in this group are mainly due to a different 
silicate/sulfur ratio. Principal component 1 describes this 
and even a negative linear relationship between the silicate 
and sulfur is present (r = -0.82). The determination of 
the silicate/sulfur ratio reflects the contribution ratio of 
their respective emission sources. The mixing ratio com­
bined with bulk trace metal analysis can probably be used 
to determine the trace metal content of the distinct 
emission sources. Besides the relative importance of the 
silicate and sulfur particulate sources, iron particulate 
source contributions are superimposed (principal compo­
nent 3). In the mixed marine/continental group, the same 
dependency on the silicate/sulfur ratio is found.
Table V summarizes the relative particle abundances 
for each of the four cluster groups as well as the mean 
abundance for all particles analyzed. Also the marine 
fraction is calculated and listed. Note that the marine 
fraction obtained for the mixed continental/marine sample 
group has a value of 37%, whereas the mean marine 
fraction for all samples is 33%. This suggests that the 
mean of all samples taken during the six campaigns is also 
representative for mixed sampling conditions.
C o n c lu s io n s
The aerosol concentrations near sea level vary greatly 
depending on proximity to natural and man-made sources. 
From the data set resulting from 25000 individual particle
alum ino-
Ca-rich silicate Si-rich T i Fe MF°
4 2 1 1 100
9 4 4 1
5 30 3 3 37
2 27 6 5 9 1
3 18 4 2 5 33
Flgure 6. (a, top) Loadings of the first three principal components (51 
samples), obtained by PCA of EPXMA of North Sea aerosol results, 
(b, bottom) Component scores of the first three principal components 
(51 samples), obtained by PCA of EPXMA of North Sea aerosol results.
analyses of 51 North Sea aerosol samples, four different 
aerosol groups could be differentiated on the basis of their 
composition. These groups were apportioned according 
to distinct particle emission sources.
More than 21% of all particles detected above the North 
Sea and surrounding waters represent sea-salt particles. 
Within this group, the marine contributions for S-rich, 
CaS04, and Ca-rich particles were estimated to be 0.5, 0.6, 
and 1.1%, respectively. Anthropogenic-derived S-rich 
particles and aluminosilicates represent 21 and 16%, re­
spectively, of the aerosol composition, whereas industri­
al-derived CaS04 contributes almost 15% of all particles
PC2
PC 2
Figure 7. (a, top) Loadings of the first three principal components, 
obtained by a second PCA on the third cluster (29 samples) resulting 
from the first PCA. (b, bottom) Component scores of the first three 
principal components, obtained by second PCA on the third cluster (29 
samples) resulting from the first PCA.
analyzed. About 13% of all North Sea particles is a 
mixture of particles from both marine/natural and con- 
tinental/anthropogenic emission sources. For all other 
particle types detected, their contribution is less than 5% 
of the total North Sea aerosol and they are derived from 
various emission sources.
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Abstract. During the period from September 1988 to October 1989, 23 flights were carried out over 
the Dutch Continental Shelf of the North Sea and a total of 108 aerosol filter samples were collected. 
The samples were analyzed for Na, Mg, Al, Si, P, S, Cl, K , Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Br 
and Pb using both particle-induced X-ray emission (PIXE) and energy-dispersive X-ray fluorescence 
(ED X R F). The results from P IX E  exhibited better precision and lower detection limits than those from 
E D X R F. Therefore the further discussion and interpretation was based on the P IX E  data only. It 
was observed that Si, S, V, Mn, Ni, Cu and Pb were enriched with respect to the earth’s crust. It 
was seen that winds from the sector Southeast-South contributed most significantly to the total aerosol 
concentration. The vertical profiles of several elements indicated that their concentration increases with 
proximity to the sea. Principal factor analysis on the data matrix containing elemental concentrations, 
height and wind direction parameters allowed us to identify 6 possible aerosol sources, namely, a composite 
of CaS04 and metallurgical activities, refuse incineration, residual oil combustion, quartz, soil dust and 
sea-salt aerosol.
1 . In t ro d u c tio n
There has been a growing concern regarding the pollution of coastal and shelf 
systems of the North Sea, especially since Weichart (1973) concluded that the North 
Sea is one of the most heavily polluted areas.
For several pollutants the atmospheric input to the North Sea may be of the 
same order or larger than the input through rivers or from coastal or other discharges. 
Initial efforts to assess the atmospheric input include the measurements of airborne 
concentrations at a gas platform, reported by Pierson et al. (1974), and the samplings 
of air pollutants carried out by Cambray et al. (1975, 1979) and later by Flament 
et al. (1987). Recently, Baeyens and Dedeurwaerder (1991) reported on the results 
from the West-Hinder light vessel, which has been used for a number of years 
to monitor air pollutants in the southern bight of the North Sea. In order to overcome 
the problems associated with aerosol sampling over natural waters, mathematical 
models have been developed that are capable of simulating the dispersion of air 
pollutants over the sea and predicting the spatial and temporal distribution of the 
pollutants (Van Jaarsveld et al., 1986; Krell and Roeckner, 1988; Petersen et al., 
1989).
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This paper reports on the elemental composition of tropospheric aerosols based 
upon a set of 108 aerosol samples that were collected with the aid of an aircraft 
over the Dutch continental shelf of the North Sea, during a period of 1 year, and 
which were analyzed using both PIXE and EDXRF. The composition of the North 
Sea airborne matter was studied as a function of altitude and wind direction. 
Furthermore, an attempt was made to identify the various aerosol sources for the 
southern bight of the North Sea by subjecting the multivariate data set to principal 
factor analysis.
E x p e r im e n ta l
The sampling campaign started in September 1988, and lasted for 13 months. During 
this period, 23 flights were carried out using a twin engine aircraft Piper Chieftain, 
PA 31-350, owned by the company Geosens B.V. (Rotterdam, The Netherlands). 
All flights were performed with relatively clear skies, and avoiding precipitation. 
The history of the air masses was studies using the 36-h backward trajectories 
provided by the Royal Netherlands Meteorological Institute (KNMI, De Bilt, The 
Netherlands), for four different pressure levels: 1000, 925, 850 and 700 hPa, 
respectively. All flights started at the same reference point namely, the Goeree 
platform (51 °55.5' N-3 °40' E), from which a spiral upward flight was performed 
in order to locate the inversion layer. The aerosol sampling took place in six different 
tracks, each covering a distance of about 110 km toward the North Sea in the 
up or down-wind direction from the Goeree platform, and more or less equally 
spaced between the inversion layer and sea level. The flight alitude was measured 
using a King Radar Altimeter model KRA 10/10a, the ambient temperature was 
monitored using a 102 E temperature sensor with Pt-100 element (nominal resolution 
0.1 °C) (Rosemount, Inc., USA), and the wind speed and location were determined 
using a Racall Doppler 91 radar equipped with a RSN 252 navigation compass, 
with a wind speed precision of 1 m s"1 and a position accuracy of 0.1 nautical 
mile. Airborne particulate matter was sampled using an isokinetic inlet designed 
by the Pennsylvania State University (Pena et a i, 1977), and collected on 47 mm 
diameter 0.4 pm poresize Nuclepore menbrane filters. No attempt was made to 
determine the effective cutoff diameter of the aerosol. After the air passed through 
the filters, it was pumped-out using a Venturi system which was mounted on the 
wings of the aircraft. This had the advantage of being very light without requiring 
electric power. The airflow was about 50 1 min"1. The whole sampling campaign 
resulted in a set of 108 aerosol samples. These samples were analyzed for Na, 
Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Br and Pb by PIXE. 
The samples were irradiated by a 2.4 MeV proton beam, supplied by the compact 
isochronous cyclotron of the Institute for Nuclear Sciences, University of Ghent. 
Full details on the PIXE setup, analytical procedures and calibration can be found 
elsewhere (Maenhaut et al., 1981; Maenhaut and Raemdonck, 1984). For Na, the 
PIXE data should be considered as semi-quantitative only because of important
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matrix effects. The same set of samples was analyzed for the same elements by 
EDXRF, using the analytical procedure described by Rojas et al. (1990).
R e c e p to r  M o d e lin g
The main idea of receptor modeling is measuring concentrations of various species 
at a given sampling site (receptor) and using this information to identify the number 
of major particle sources. The receptor model used in this work was principal factor 
analysis. In principal factor analysis, the variability in the trace elements concentrations 
is used to transform the intercorrelated variables into a set of independent and 
uncorrelated variables. To do this, one has to determine the eigenvalues and 
associated eigenvectors of the correlation matrix. Those factors (eigenvectors) which 
satisfy a given condition (e.g. having a variance higher than unity), are retained 
and orthogonally rotated by a Varimax rotation (Henry and Hidy, 1979). Principal 
factor analysis results in both a factor-loading matrix, which represents the 
correlations between the retained factors and the variables and the so-called factor 
scores, which represent the weight of each factor for the individual cases. The 
identification of the various sources is based upon the principal factor solution, 
for this particular case, and its comparison with results reported in the literature.
R e s u lts  a n d  D isc u s s io n
Since the aerosol samples were analyzed using two separate techniques, namely 
PIXE and EDXRF, it was necessary to compare and assess their results. The out­
comes of this comparison are summarized in Table I, while Figure 1 shows plots 
of the linear regression of EDXRF on PIXE for those elements (S and Pb) pre-
T A B L E I
Slope and standard deviation of the linear regression of E D X R F  on PIXE. The average ratio of E D X R F  
to P IX E , together with the detection limits for both techniques, are also tabulated
Element E D X R F  on P IX E  
Slope ± std dev
E D X R F /P IX E  
mean ± sdev
Detection limit (ng cm'2)
PIX E E D X R F
A1 1.38 ±0.32 2.1 ±2.0 15 36
Si 0.32 ± 0.03 1.0 ±0.8 10 17
S 1.08 ±0.01 1.0 ± 0.2 8 7
K 0.68 ± 0.03 0.8 ± 0.4 5 3
Ca 1.77 ± 0.05 2.1 ±0.5 4 9
V 1.51 ± 0 .12 1.9 ±0.7 1 4
Mn 1.41 ±0.07 1.4 ±0.3 0.6 2
Fe 1.48 ±0.06 1.7 ±0.8 0.5 2.5
Ni 1.73 ±0.07 2.0 ± 0.3 0.4 1.4
Cu 1.86 ± 0.05 2.0 ± 0.3 0.3 1.2
Zn 1.41 ±  0.02 1.5 ±0.3 0.3 0.9
Pb 1.03 ±0.02 1.2 ±0.3 0.1 1.9
(X 1000)
PIXE.Pb
Fig. 1. Scatter plot and linear regression line of E D X R F  on P IX E  elemental concentrations for S
and Pb, respectively.
senting the best fit. Only those elements which were detected by both techniques 
are tabulated. From the slope of the linear fit one can see that EDXRF presented 
systematically higher values than PIXE, with the exception of Si and K for which 
the EDXRF concentration was lower. The average difference between these two 
techniques reaches up to 50%. One the other hand, the detection limit for EDXRF 
obtained during this work appears to be on the average 4 times higher than that 
of PIXE (Maenhaut, 1989). It is thought that the observed differences can be attri­
buted to several reasons, namely: heterogeneous distribution of the aerosol con­
centration on the filter (different sections of the filter were analyzed), the presence 
of spurious peaks with variable intensity, probably from coherently scattered radia-
T A B LE  II
Aerosol elemental concentrations for the south­
ern bight of the North Sea. The mean values for 
this work were calculated replacing missing values 
by half of the detection limit. The figures in 
parentheses indicate the number of samples (out 
of 10S) with non-missing values
Element Mean ± Std deviation 
(ng m '3)
Na (30) 730 ± 1150
A 1 (30) 100 ± 190
Si (93) 1450 ± 1450
S (102) 3800 ± 3460
Cl (32) 200 ± 400
K  (90) 250 ± 220
Ca (84) 130 ± 130
T i (19) 4.8 ± 10
V  (29) 8 ± 17
Mn (83) 13 ± 10
Fe (98) 180 ± 140
Ni (34) 5.2 ±  10
Cu (28) 3.1 ±5.9
Zn (102) 60 ±50
Pb (84) 50 ±40
tion inside the X-ray spectrometer sample chamber which introduced high variation 
in the blank concentrations, and last but not least, the low aerosol concentrations 
associated with a fairly low loading of the filters, making the determination of 
trace species subject to large uncertainty. Despite all of this, the agreement between 
PIXE and EDXRF for S and Pb is very good. There are basically two reasons 
for such an agreement: sulfur is an abundant element, whereas Pb was free from 
the above mentioned spectral interferences. Since direct tube excitation EDXRF 
has the disadvantage of a high background due to scattered Bremsstrahlung radia­
tion, the detection limits are higher compared to those obtained by PIXE. Due 
to the lower number of samples with concentrations below detection limit, PIXE 
results will be used throughout this work.
A v e r a g e  e l e m e n t a l  c o n c e n t r a t io n s
The average elemental concentrations of Na, Al, Si, S, Cl, K, Ca, Ti, V, Mn, Fe, 
Ni, Cu, Zn and Pb in 108 samples, are listed in Table II. Several elements, namely 
Mg, P, Cr and Br, were left out because of the large number of values below the 
detection limit. For the other elements, when individual data were below the detection 
limit, they were replaced by half the detection limit.
The large standard deviation of the elemental concentrations results from two 
reasons: the 108 samples included those taken above the thermal inversion layer. 
It has been shown Injuk et al. (1990) that there is a difference of more than a
TA B LE III
Comparison of some of the elemental concentrations reported in this work with literature data for 
the North Sea. Here (-) stands for not reported and the letters in parentheses indicate the cited reference
Elemental concentrations (ng m“3)
Element (a) (b) (c) (d) (e) (0 (g) 00
Na 3960 _ _ 1700 _ _ 2000 ± 1400 730 ± 1150
A1 190 155-240 - 550 390 - 140 ± 150 100 ± 190
V 12 9 -11 7 - - 1.1 - 8 ± 17
Mn 20 14-22 9 130 28 10 15 ± 19 13 ± 10
Fe 320 290-330 190 410 560 220 300 ± 370 180 ± 140
Ni 10 5-7 5 - - 3 - 5 ± 10
Cu < 2 0 - 3 20 17 - 15 ± 10 3 ± 6
Zn 150 75-120 40 100 150 40 67 ± 90 60 ± 50
Pb 140 96-130 40 60 150 34 100 ± 100 50 ± 40
(a) Peirson et al. (1974)
(b) Cambray et al. (1975)
(c) Stoessel (19S7)
(d) Flament et al. (1987)
(e) Dedeurwaerder (1988)
(f) Yaaqub (1989)
(g) Beayens and Dedeurwaerder (1991)
(h) This work
factor of two between observations made above and below the inversion layer height. 
Secondly, the 108 samples were taken under different wind directions and different 
meteorological conditions.
Table III shows a comparison of some of the elemental concentrations observed 
in this work with those obtained in previous studies of aerosol composition above 
the North Sea. These include studies at a gas platform (Peirson et al., 1974), coastal 
stations (Cambray et a l, 1975; Flament et al., 1987), and the West-Hinder light 
vessel (Dedeurwarder, 1988; Baeyens and Dedeurwaerder, 1991). In general, the 
concentrations reported here are within the range of values given in the literature 
for most of the elements, although they are consistently lower than those recently 
reported by Baeyens and Dedeurwaerder (1991). It has to be stressed that none 
of the previous studies included measurements carried out aloft and that some 
of them (Cambray et a l, 1975; Dedeurwaerder, 1988) were performed at or near 
coastal stations. Furthermore, it is interesting to note that there are marked 
differences between the results reported by Dedeurwaerder (1988) and those from 
Baeyens and Dedeurwaerder (1991) for the same sampling site.
N a t u r a l  a e r o s o l  s o u r c e s
Since the aerosol at the southern bight of the North Sea is rather mixed and originates 
from a variety of sources including soil dust, marine and anthropogenic, it is 
worthwhile to resolve the average elemental composition given in Table II and
TA B LE IV
Resolution of the average elemental concentrations (ng m '3) observed over the southern bight of the 
North Sea into crustal and marine components. See text for explanation
Element Crustal Non-crustal Marine Unaccounted for
Na 35 695 695 _
A1 100 - - -
Si 340 1100 0.19 1100
S 0.3 3800 58 3740
Cl 0.2 200 1250 -1050
K 32 220 26 190
Ca 45 85 27 59
Ti 5.4 -0.6 - -0.6
V 0.2 8.1 - 8.1
Mn 1.2 12 - 12
Fe 62 120 - 120
Ni 0.09 5.1 - 5.1
Cu 0.07 3.0 - 3.0
Zn 0.09 63 - 63
Pb 0.02 53 - 53
TA B LE V
Contribution (in % )  of crustal, marine and other aerosol sources to the atmospheric 
elemental concentrations over the southern bight of the North Sea
Element Crustal Marine Other
Na 4.8 95.2 _
Al 100 - -
Si 23 0.01 77
S 0.01 1.5 98.5
Cl 0 . 1 99.9 -
K 13 10 77
Ca 34 21 45
Ti 110 - -
V 2.5 - 97.5
Mn 9 - 91
Fe 34 - 66
Ni 1.7 - 98.3
Cu 2.3 - 97.7
Zn 0.2 - 99.8
Pb 0.04 - 99.96
calculate the relative crustal and marine contribution to the various elements. To 
do this, use was made of the average crustal rock composition of Mason (1966) 
and the average bulk sea water composition reported by Rahn (1976). The resolution 
of the components of the North Sea aerosol was carried out as follows: from the 
average crustal rock composition, the elemental ratios to A1 were calculated and
it was assumed that the A1 in the aerosols was entirely from crustal origin. The 
results are presented in Table IV (columns 2 and 3). The non-crustal component 
is simply the difference between the given average concentrations and the crustal 
component. The fourth column in Table IV (marine) was computed using the bulk 
sea water composition and assuming that the non-crustal Na was totally from marine 
origin. The last column then represents the excess concentration and corresponds 
to the difference between the total for an element and the sum of its crustal and 
marine components. Table V summarizes the contribution of each of the these 
components as a percentage of the total observed concentration.
It can be seen from Tables IV and V that only 23 and 34% of the concentrations 
of Si and Fe could be attributed to earth’s crust; while the contribution of soil 
and marine to the total K and Ca was 23 and 55%, respectively. The highly enriched 
elements are: S, V, Mn, Ni, Zn and Pb, which most likely originate from human 
activities.
E l e m e n t a l  c o n c e n t r a t io n s  v s  w in d  d ir e c t i o n
In order to determine a possible relationship between the elemental concentrations 
and wind direction as determined from the back trajectories, five different wind 
sectors were defined. These were: Southwest-West, Northwest-North, Northeast- 
East, Southeast-South and Local. The latter represents air masses with variable
Element
I I SW-W gggg NW-N m  NE-E 
B  SE-S ■ ■  LO
Fig. 2. Contribution (in %) from the different wind sector to the total airborne elemental concentration 
observed above the southern bight of the North Sea.
origin, and that in most of the cases circumscribe to the North sea itself. Since one 
wind sector contributed only to one sample, the apportionment from each wind 
sector was calculated taking into account the percent wind direction frequency, 
extracted from Hohn (1971).
The contribution (%) from the different wind sectors to the total airborne elemental 
concentration observed above the southern bight of the North Sea, is shown in Figure
2. It is seen that wind sector West-Southwest contributes significantly to the total 
concentration of Na, Al, Si, Cl, K, Mn and Cu. The contribution of wind sector 
Northwest-North is about 20% for Si and over 60% for Cl, which reflects the direct 
influence of the marine air masses. The elemental concentrations associated with 
wind sector Northeast-East were particularly high for Al, S, Ca. Winds from the 
Southeast-South sector were responsible for more than 40% of the total observed 
Ti, V, Ni, Zn and Pb. Winds from this direction also contained significant con­
centrations of K, Mn, Fe and Cu. Local air masses had high concentrations of 
V and Ni. On the basis of the data in Figure 2 it is concluded that the wind sector 
Southeast-South provides the largest contribution to the particulate concentration 
of heavy metals over the southern bight of the North Sea. This is not surprising, 
considering the highly industrialized character of the countries grouped in this area.
E l e m e n t a l  c o n c e n t r a t io n s  v s  h e i g h t
The variation of elemental concentrations with flight level (height) is shown in 
Figure 3. Data are presented for Na, Cl and Ti (a), Si, K, Ca and Fe (b) and 
S, V, Mn, Ni, Cu, Zn and Pb (c). Here, level 1 represents high altitude whereas 
level 6 is very close to the sea. This way of representing height has been adopted 
to avoid the variation of the thermal inversion height. The linear regression of 
the elemental concentration on level number is represented by the continuous line. 
For Na and Cl there is a slight increase in concentration with decreasing altitude; 
this is much more pronounced for Ti, with a difference of almost an order of 
magnitude between the two extreme levels. The Cl/Na ratio is at all levels much 
lower than the sea water ratio of 1.79 (Rahn, 1976). This undoubtedly results from 
interactions of sea-salt particles with gaseous acidic species in the atmosphere or 
on the filter (e.g. Martens et al., 1973). The profiles of K, Ca, Fe, V, Mn, Ni, 
Cu, Zn and Pb (Figs, 3b and c) are rather similar and all these elements show 
higher concentrations at lower altitudes. This is clearly not the case for Si, for 
which the maximum concentration is found at level 1. This might suggest that 
Si originates from a distant source. This fact could explain the Si enrichment with 
respect to average crustal rock. As far as S is concerned, there is no real gradient 
with altitude, so that one may conclude that this element is homogeneously distributed 
between the inversion layer height and sea level.
M u l t i v a r i a t e  a n a l y s is
In an attempt to identify the various aerosol sources for the Southern North Sea 
airshed, the matrix containing the elemental concentrations of Na, Al, Si, S, Cl,
(a) (b)
Na Cl Ti Si K Ca Fe-B - —a— —e—
(C)
Fig. 3. Vertical profiles of the elemental concentrations of (a) Na, Cl and Ti; (b) Si, K , Ca and Fe,
and (c) S, V, Mn, Ni, Cu, Zn and Pb.
K, Ca, Ti, V, Mn, Fe, Ni, Cu, Zn and Pb for the 108 aerosol samples was subjected 
to principal factor analysis (Henry et a i, 1984; Hopke, 1985). The altitude expressed 
as levels 1 through 6 together with the wind direction components NS and EW, 
calculated using the procedure described by Tuncel et al. (1985), were also included
TA B LE V I
Varimax rotated factor loading matrix for the southern bight of the North Sea aerosol. Only loadings
higher than 0.40 are tabulated
Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Commun.
Na _ _ _ 0.83 _ _ 0.72
A1 - - - - 0.81 - 0.80
Si - - - 0.71 - - 0.75
S 0.84 - - - - - 0.77
Cl - - - - - 0.60 0.74
K - 0.77 - - - - 0.67
Ca 0.73 - - - 0.40 - 0.77
Ti - - - - 0.77 - 0.80
V - - 0.87 - - - 0.80
Mn 0.73 - - - - - 0.80
Fe 0.59 . - - - 0.50 - 0.85
Ni - - 0.85 - - - 0.74
Cu 0.60 - - - - - 0.50
Zn 0.59 0.54 0.41 - - - 0.90
Pb 0.49 0.55 0.55 - - - 0.90
Height - - - - - 0.74 0.61
NS - -0.81 - - - - 0.75
EW 0.45 - - -0.62 - - 0.78
Eigenv. 3.5 2.5 2.4 2.0 1.9 1.3
% Var. 19 13.8 13.3 11.1 10.5 7.2
Possible
origin
Industry Refuse Oil Marine/
silicate
Soil Marine
in the data matrix. The principal factor solution yielded 6 eigenvalues greater than 
1 and the 6 corresponding factors explained 76% of the variance in the data set. 
The communalities varied between 50% for Cu and 90% for Pb. The low value 
for Cu could be due to the large number of missing values that were replaced 
by half of the detection limit, by doing so, the variability of the concentration 
of this element was reduced. The resulting factor loadings after an orthogonal varimax 
rotation (Henry and Hidy, 1979) together with the communality for each variable, 
are given in Table VI.
Factor 1 has high loadings for S, Ca, Mn and moderate loadings for Fe, Cu, 
Zn, Pb and the EW variable. This factor probably represents a composite of several 
aerosol sources. The association of S and Ca was also observed during the 
microscopical characterization of the aerosol samples (Rojas and Van Grieken, 1992). 
The remaining elements could be related to metallurgical activities such as iron, 
steel and ferro-alloys manufacturing (Pacyna, 1984). The positive correlation with 
the EW variable indicates that the impact of these aerosol sources is associated 
with easterly winds. Factor 2 exhibits a high correlation for K, moderate for Zn 
and Pb and high but negative for the wind variable NS. These elements are often
found in refuse incineration emissions (Core et a i, 1984). The negative loading 
for NS indicates association with southern winds. Factor 3 shows high correlations 
for V, Ni and a moderate one for Pb. The former two elements are used as tracers 
for residual oil combustion (Kronborg et a i, 1987). There is no connection with 
wind direction in this factor. Factor 4 is correlated with Na, Si and anti-correlated 
with the EW variable. This could be the result of the coagulation of quartz particles 
and sea spray, associated with westerly winds. Factor 5 has high loadings for the 
elements that are typically associated with soil dust. Factor 6 presents a slight 
association of Cl with height. This factor probably represents a marine source and, 
as expected, Cl is more abundant at lower altitudes.
C o n c lu s io n s
Two analytical techniques were used to determine the elemental concentrations in 
the 108 samples collected above the southern bight of the North Sea. These techniques 
were EDXRF and PIXE. From the comparison of these two techniques it appeared 
that tube excited EDXRF suffered from a verry high spectral background due to 
coherently scattered Bremsstrahlung. Consequently, the precision and detection 
limits were poorer than those in PIXE, and therefore the results from the latter 
technique were used throughout this work. After resolving the average elemental 
concentrations in contributions from the earth’s crust and bulk sea water it was 
concluded that the anomalously enriched elements were Si, S, V, Mn, Ni, Cu, Zn 
and Pb. It was observed that winds associated with the sector Southeast-South 
contributed most to the total particulate concentration of the heavy metals above 
the southern bight. From the vertical profiles it appeared that for most elements 
the concentration increased with proximity to the sea. This was not the case for 
Si for which the concentration increased with high altitude. Sulfur exhibited no 
real vertical gradient, indicating that it is homogeneously distributed between the 
inversion layer height and sea level. Multivariate analysis on the data matrix 
containing elemental concentrations, height and wind direction parameters, resulted 
in 6 factors, accounting for 76% of the variance in the data set. Factor 1 was 
correlated with S, Ca and other elements related to metallurgical activities. Factor 
2 was attributed to refuse incineration, Factor 3 to residual oil combustion, Factor 
4 to a coagulation of quartz particles and sea spray, whereas factors 5 and 6 
represented soil dust and marine sources.
A c k n o w le d g e m e n ts
We are grateful to Rijkswaterstaat (The Hague, the Netherlands) for financial support 
through project NOMIVE*2 tasks No. DGW-920 and DGW-217. One of us (W.M.) 
is indebted to the Belgian ’Nationaal Fonds voor Wetenschappelijk Onderzoek’ 
for financial support.
References
Baeyens, W. and Dedeurwaerder, H.; 1990, ‘Particulate Trace Metals Above the Southern Bight of 
the North Sea-1. Analytical Procedures and Average Aerosol Concentrations’. Atmos. Environ. 25A, 
293-304.
Cambray, R. S., Jefferies, D. R , and Topping, G .: 1975, ‘An Estimate of the Input of Atmospheric 
Trace Elements into the North Sea and the Clyde Sea’. A E R E  Report R  7733.
Cambray, R. S., Jefferies, D. F., and Topping, G.: 1979, ‘The Atmospheric Input of Trace Elements 
to the North Sea’. Mar. Sci. Commun. 5, 175-194.
Core, J, E., Shah, J., and Cooper, J. A.: 1984, ‘Receptor Model Source Composition Library’. US- 
EPA Report EPA-450/4-85-002 Research Triangle Park, North Carolina, N.C.
Dedeurwaerder, H. L.: 1988, ‘Study of the Dynamic Transport and of the Fall-Out of some Ecoto- 
xicological Heavy Metals in the Troposphere of the Southern Bight of the North Sea’. Ph. D. 
Dissertation, Vrije Universiteit Brussel, Brussels, Belgium.
Flament, P., Lepetre, A., Noel, S., and Auger, Y.: 1987, ‘Aerosols cotiers dans le nord de la Manche’, 
Ocean. Acta 10, 49-61.
Henry, R. C., Lewis, C. W., Hopke, Ph., and Williamson, H. J.: 1984, ‘Review of Receptor Model 
Fundamentals’, Atmos. Environ. 18, 1507-1515.
Henry, R. C. and Hidy, G. M.: 1979, ‘Multivariate Analysis of Particulate Sulfate and Other Air Quality 
Variables by Principal Component Analysis. 1. Annual Data from Los Angeles New York’, Atmos. 
Environ. 13, 1581-1596.
Hohn, R.: 1971, ‘On the Climatology of the North Sea’, in: Goldberg, E.D . (ed.), North Sea Science, 
NATO  North Sea Conference, Aviemore, Scotland.
Hopke, Ph.: 1985, Receptor Modeling in Environmental Chemistry, Wiley, New York, N.Y.
Injuk, J., Otten, Ph., Rojas, C. Wouters, L., and Van Grieken, R.: 1990, ‘Atmospheric Deposition 
of Heavy Metals (Cd, Cu, Zn and Pb) into the North Sea’, Final Report to Rijkswaterstaat, The 
Hague, The Netherlands.
Krell, U. and Roeckner, E.: 1988, ‘Model Simulation of the Atmospheric Input of Lead and Cadmium 
into the North Sea. Atmos. Environ. 22, 375-381.
Kronborg, D., Jensen, F. P., Keiding, K., and Heidam, N.: 1987, ‘Determination of Sources of Atmospheric 
Aerosol in Copenhagen Based on Receptor Models’, Atmos. Environ. 9 1877-1889.
Maenhaut, W., Selen, A., Van Espen, P., Van Grieken, R., and Winchester, J. W.: 1981, ‘P IX E  Analysis 
of Samples Collected over the Atlantic Ocean from a Sailboat’, Nucl. Instrum. Methods 181, 399- 
405.
Maenhaut , W. and Raemdonck, H.: 1984, ‘Accurate Calibration of a Si(Li) Detector for P IX E ’, Nucl. 
Instrum. Methods B l, 123-136.
Maenhaut, W.: 1989, ‘Analytical Techniques for Atmospheric Trace Elements’, in Pacyna, J. and Ottar, 
B. (eds.), Control and Fate o f Atmospheric Trace Metals, Kluwer Academic Publisher, Dordrecht, 
The Netherlands.
Martens, C. S., Wesolowski. J. J., Harriss, R. C., and Kaifer, R.: 1973, ‘Chlorine Loss from Puerto 
Rican and San Francisco Bay Area Marine Aerosols’, J, Geophys. Res. 78, 8778-8792.
Mason, B.: 1966, Principles o f  Geochemistry, Wiley, New York, N.Y.
Pacyna, J.: 1984, ‘Estimation of the Atmospheric Emissions of Trace Elements from Anthropogenic 
Sources in Europe’, Atmos. Environ. 18,41-50.
Pena, J. A., Norman, J. M., and Thomson, D. W.: 1977, ‘Isokinetic Sampler for Continuous Airborne 
Measurements’, J. A ir  Poll. Control Ass. 27, 337-340.
Petersen, G ., Weber, H., and Grassi, H.: 1989, ‘Modelling the atmospheric transport of trace metals 
from Europe to the North Sea and the Baltic Sea’, in Pacyna, J. and Ottar, B. (eds.), Control 
and Fate o f  Atmospheric Trace Metals, Kluwer Academic Publisher, Dordrecht, The Netherlands.
Rahn, K.: 1976, The Chemical Composition o f the Atmospheric Aerosol, Technical Report Graduate School 
of Oceanography, University of Rhode Island, R.l.
Rojas, C. M., Artaxo, P., and Van Grieken, R. E.: 1990, ‘Aerosols in Santiago de Chile: a Study Using 
Receptor Modeling with X-Ray Fluorescence and Single Particle Analysis’, Atmos. Environ. 24B, 
219-241.
Rojas, C. M. and Van Grieken, R.: 1992, ‘Electron Microprobe Characterization of Individual Aerosol
Particles Collected by Aircraft Above the Southern Bight of the North Sea’, Atmos. Environ. 26A, 
1231-1237.
Stoessel, R.: 1987, ‘Untersuchungen zu Nass und Trockendeposition von Schwermetallen auf der Insel 
Pellworm’, Ph. D. Dissertation, University of Hamburg, F.R.G.
Tuncel, S. G., Olmez, 1., Parrington, J. R., Gordon, G ., and Stevens, R. K.: 1985, ‘Composition of 
Fine Particle Regional Sulfate Component at Shenandoah Valley’, Environ. Sci. and Technol. 19, 
529-537.
Van Jaarsveld, J. A., Van Aalst, R. M., and Onderdelinden, D.: 1986, Deposition o f  Metals from  the 
Atmosphere into the North Sea: Model Calculations, Report RIVM  842015002, Bilthoven, The 
Netherlands.
Weichart, G.: 1973, ‘Pollution of the North Sea’, Ambio 2, 99-106.
Yaaqub, R.: 1989, Ph. D. Dissertation, University of East Anglia, Norwich, U.K.
Selected article #16:
Individual aerosol particle composition variations in air masses crossing the North 
Sea
LA. De Bock, H. Van Malderen and R.E. Van Grieken 
Environmental Science and Technology, 28 (1994) 1513-1520
Q S p o
R e p r in te d  fro m  ENVIRONM ENTAL SC IEN C E & TECHNOLOGY, Vol. 28,1 9 9 4  
C o p y r ig h t © 1994 b y  th e  A m e ric a n  C h em ica l S o c ie ty  a n d  r e p r in te d  b y  p e rm is s io n  o f  th e  c o p y r ig h t o w n e r.
Individual Aerosol Particle Composition Variations in Air Masses Crossing 
the North Sea
Lieve A. De Bock,’ Hans Van Malderen, and René E. Van Grieken
Department of Chemistry, University of Antwerp, Universiteitsplein 1, B-2610 Antwerp-Wilrijk, Belgium
Single-particle analysis on North Sea aerosol and rainwater 
samples was performed by electron-probe X-ray mi­
croanalysis (EPXMA). The analysis was mainly focused 
on the determination of the inorganic composition of giant 
particles with diameters above 1 fim. Multivariate tech­
niques were used for the reduction of the data set and for 
source apportion. Based on the relative abundances found 
by hierarchical cluster analysis according to the Ward error 
sum method, three to eight different aerosol types were 
distinguished. Crossing the North Sea, the changes in air 
mass composition appeared as a decrease in the abundance 
for the aluminosilicate particles and a relative increase 
for NaCl and seawater crystallization products. Principal 
factor analysis revealed four different aerosol sources: 
aluminosilicates and NaCl, seawater crystallization prod­
ucts as a marine source, and two industrial sources. 
Relations between the particle composition, origin, and 
shape were studied by manual EPXMA, and for most of 
the particle types, a characterization based on their shape 
was obtained.
In tr o d u c t io n
It has been shown that atmospheric deposition repre­
sents a major input route to the North Sea for some 
pollutants, like heavy metals (1). Within the scope of the 
EUROTRAC Project “Air-Sea Exchange”, aerosol and 
rainwater samples were collected above the North Sea on 
board two research vessels continuously positioned down­
wind from each other. The aim of this project was to 
study variations in the composition of air masses crossing 
the North Sea due to air-sea exchange processes in the 
lower troposphere. The two major exchange processes 
considered to be responsible for possible changes in air 
mass composition are dry deposition, such as sedimenta­
tion or gravitational fallout and impaction, and wet 
deposition, such as rainout, snowout, and washout. A 
decrease in particle concentration could also be the result 
of vertical dilution of the air masses. Obviously, chemical 
and physical reactions in the atmosphere as well as 
parameters like wind speed, relative humidity, and 
temperature affect these processes.
The single-particle analysis in the present study was 
performed by electron probe X-ray microanalysis (EPX­
MA), one of the most commonly used nondestructive 
microanalytical techniques. In spite of its unfavorable 
detection limits (0.1%), automated EPXMA is, in com­
bination with multivariate techniques, a powerful method 
for the determination of the chemical composition and 
characterization of a large number of individual particles 
in a very short time. The determination of the chemical 
composition could provide assignment to specific sources 
while the particle group abundance characterizes the
* A ddress correspondence to  th is  au th o r; e-m ail address: 
debockl@ schs.uia.ac.be.
source strength. Manual EPXMA, on the other hand, 
offers the possibility of morphological studies and element 
mapping.
Bulk and alternative individual single-particle analyses 
have been performed on the same samples by energy- 
dispersive X-ray fluorescence and electron proton micro­
probe analyses, respectively (2).
The aerosol analysis in this work was mainly focused on 
aerosol particles with diameters above 1 /un, the so-called 
giant aerosols. Although the number of these giant 
particles in the lower troposphere is very low compared 
to the condensation-mode particles, their contribution to 
the atmospheric deposition is of extreme importance (3- 
5). Due to the slow realization of the importance of giant 
aerosol particles in the atmosphere together with sampling 
difficulties and measurement errors, many questions still 
remain unanswered, and further research will be necessary.
E x p e r im e n ta l  P ro c e d u re s
Sam pling Strategy. A sampling campaign was orga­
nized for September 15-27,1991. During this campaign, 
two research vessels, F.S. A lk o r and R.V. B e lg ic a , were 
positioned on a circle, with a 200-km diameter, continu­
ously downwind from each other in the central area of the 
North Sea (Figure 1). Sampling started on the F.S. A lk o r  
(upwind ship) on the 16th at 1 a.m. and stopped on the 
25th at 11 a.m. Sampling on the R.V. B e lg ic a (downwind 
ship) was delayed according to the calculated air mass 
travel time, based on the actual wind speed aboard the 
F.S. A lk o r and the R. V. B e lg ic a . A wind speed of 10 m/s*1 
and a distance of 200 km resulted in a transport time of 
ca 5.5 h by which the downwind ship had to delay its 
sampling interval. Every 8 h new positions were taken on 
the circle. When achieved, the ships were holding position 
within a few miles facing the wind for undisturbed sampling 
conditions. In this way, the same air mass was sampled 
with an interval of 200 km. During the travel time to 
reach the new position, sampling was stopped. The result 
of this campaign gave an idea about the changes in 
composition that aerosols and rainwater undergo during 
air mass travel.
Meteorological data were provided by radiosonde in­
spection aboard the F.S. A lk o r every 8 h. The whole 
sampling campaign was characterized by stormy weather. 
Due to prevailing southwesterly winds, the United King­
dom was the main source region for anthropogenic and 
soil-derived components.
Aerosols were collected on the main deck using a cascade 
impactor and filter units, both positioned inside a wind 
tunnel, for single-particle and bulk analyses, respectively. 
In a cascade impactor, aerosols are segregated in size based 
on their inertial characteristics. Microscope slides covered 
with special coated Nuclepore filters (COSTAR Europe 
Ltd. Nuclepore Filtration Products) were used as the 
impaction surface. The special coating is necessary to 
reduce effects like “bounce off” and “reentrainment”, which
influence the collection efficiency and change the apparent 
size distribution. The type of cascade impactor applied 
during this campaign was based on the design of May (6). 
It offers a very good resolution of particle size due to sharp 
cutoffs a t different stages (20,8,4,2,1, and 0.5^m), minimal 
internal losses, the possibility for quantitative analyses at 
sampling speeds of 20 L/min, easy handling due to its 
compactness and fast dismantlement, and stainless steel 
composition to prevent corrosion. To collect the total 
airborne particulate matter, filter units were also applied. 
Because no size segregation is required, the Nuclepore 
filters were not coated.
A representative sampling of atmospheric aerosols is 
only possible when isokinetic conditions are fulfilled. This 
means that there cannot be any kind of disturbance of the 
air stream at the inlet of the impactor, resulting in a 
nongradual translation of the aerosol particles into the 
impactor nozzle. The wind tunnel used, designed at the 
University of Essex (7), consists of a 1.2-m thin-walled 
tube with a diameter of 0.25 m. In the middle of the tube
immediately behind a honeycomb structure, which creates 
a laminar flow, the impactor and filter unit are positioned. 
At the end, a ventilator sucks air into the tunnel at the 
same speed as it is sucked into the sampling device by the 
pump, which guarantees isokinetic sampling. To keep 
the inlet of the tunnel in the prevailing wind direction, it 
is provided with a 1-m2 wind vane. Due to the suppressing 
effect of a portable wind tunnel on airstream fluctuations 
around the impactor and the filter unit, isokinetic sampling 
is possible, and giant particles can quantitatively be 
collected also.
For the collection of rainwater, a PVC funnel was 
connected to a low-density polyethylene barrel on the main 
deck. The barrels were first treated with ultrapure nitric 
acid during 1 month and washed with Milli-Q water 
afterwards. After each rain shower, the funnel was closed, 
and the collected rainwater was frozen to prevent micro­
organism growth. In the lab, the bottles were thawed, 
and each time 100 mL of rainwater was filtered on a 
Nuclepore membrane.
Instrumentation. A set of 75 size-segregated aerosol 
samples and five rainwater samples was analyzed by 
EPXMA. The automated analyses of 27 500 particles was 
performed on a JEOL 733 Superprobe equipped with a 
Tracor Northern TN-2000 system, using the particle 
analysis program 733B written in Fortran (8). For every 
impactor stage, 300 particles were analyzed, and 500 
particles were analyzed for each rainwater sample. The 
analysis was carried out at an acceleration voltage of 25 
kV and a beam current of 1 nA. The energy-dispersive 
X-ray spectra accumulation time was fixed at 20 s to obtain 
satisfactory signal/noise ratios. In the 733B program, the 
localization of a particle is performed by successive 
horizontal line scans with the electron beam, followed by 
saving the contour pixel of the particle. After saving all 
the contour pixels, the area, perimeter, and diameter of 
the particles are calculated, and the X-ray spectrum is 
accumulated. All the information is stored on disks for 
off-line data processing on a Unix computer. Reducing 
the data set was performed by multivariate techniques.
To study the relations between the particle composition, 
origin, and shape and obtain even a possible characteriza­
tion of particles based on their shape, over 200 giant aerosol 
particles were manually analyzed by EPXMA using the 
733A program. The particles were collected for single­
particle analysis on a Nuclepore filter in the wind tunnel. 
The only difference with 733B is that the particles are 
localized manually and the X-ray spectrum accumulation 
time was 100 s. ZAF corrections were performed on these 
spectra for the following elements : Na, Cl, Mg, Al, Si, P, 
S, K, Ca, Fe, Ti, Ni, Cu, and Zn, resulting in normalized 
concentrations for each element expressed in weight 
percentages. The sensitivity of a conventional EPXMA 
instrument is poor for Na; even at relatively high con­
centrations, Na may escape detection.
Matrix Correction and Multivariate Techniques. 
EPXMA is a fast method for element identification. 
However to obtain quantitative information about the 
elements present, a very complex procedure is needed, 
called ZAF correction. Due to electron-sample interac­
tions, processes occur which influence the production and 
collection of X-rays. The ZAF procedure performs a 
correction for the atomic number effect (Z), the absorption 
effect (A), and the fluorescence effect (F). Z  represents 
the difference in electron scattering and retardation in 
the sample and the standard. Loss of X-rays due to 
absorption in the sample is represented by A, and the 
artificial increase of X-ray intensity of an element due to 
ionization by X-rays originating from an other element is 
corrected by F. Without correction, errors in excess of 
10% could result. After a ZAF correction, the element 
concentrations present are normalized and expressed in 
weight percentages.
Reduction of the data set was performed by hierarchical 
cluster analysis on each of the aerosol and rainwater 
samples (9), producing a classification into groups of 
particles with chemically similar composition. A hierar­
chical cluster analysis starts with n particles or clusters 
from which the most similar ones are joined successively 
into new clusters. Different strategies are possible to join 
two clusters; Ward’s error sum method is the one we 
applied because it provides a maximum internal homo­
geneity into the separated groups (10).
Principal factor analyses (PFA) with orthogonal varimax 
rotation was used to discover the interrelation of 13
T a b le  1. V a rim ax  R o ta te d  F a c to r  L o ad in g  M a tr ix  fo r  75 
N o r th  S ea  G ia n t A ero so l Sam ples*
variable factor 1 factor 2 factor 3 factor 4 com m unality SD
N a -0.34 -0.81 0.792 0.15
Mg 0.82 0.708 0.18
A1 0.91 0.851 0.15
Si 0.87 0.16 0.17 0.826 0.15
P 0.31 0.87 0.854 0.15
S 0.85 -0.40 0.872 0.12
Cl -0.72 -0.23 0.31 0.678 0.21
K 0.17 0.80 0.30 0.25 0.824 0.15
Ca 0.79 -0.33 0.747 0.18
T i 0.83 0.16 0.30 0.813 0.15
Fe 0.93 0.13 0.878 0.12
Ni -0.18 0.12 0.48 0.81 0.933 0.09
Zn 0.59 0.73 0.18 0.912 0.12
eigenvalue 5.05 2.83 1.78 1.02
% variance 38.5 21.6 13.6 7.8
explained
* Only values g reater th a n  th ree  tim es the ir s tandard  deviation 
were reported.
variables (Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, Fe, Ni, and 
Zn) in our aerosol data set, which led to the identification 
of different sources of giant aerosols. This multivariate 
technique splits the data set into subsets of strongly 
correlated variables. The rotation of these subsets or 
‘factors’ provides a better factor loading. Elements were 
considered to be detected if the X-ray intensities were 
found above the detection limit in one of the 300 analyzed 
particles, for each air sample. Elements like Cu, Pb, Mn, 
Cr, Ba, Pt, and V were occasionally detected in particles. 
These elements were found in particles which contributed 
less than 0.5% of the total aerosol abundance, and 
therefore, they were further excluded from the data matrix. 
The major problem in PFA is the choice of the number 
of factors P  that should be taken into account in the model 
or how many factors are required to estimate the com- 
munalities. The value of P  was determined by the 
following criteria (11): the number of factors should be 
significantly less than the number of variables, a large 
fraction of both the total variance of the variables and the 
individual variable variance has to be explained by the 
factor variation, which means that the communalities 
should be close to 1 and factors that contribute with a 
variance less than 1 should be excluded from the model. 
Considering these criteria, the appropriate number of 
factors is established.
Results and Discussion
Automated EPXMA. Principal Factor Analyses. By 
performing PFA on the correlation matrix of the data set, 
four eigenvalues greater than 1 were produced (5.05,2.83, 
1.78, and 1.02); the fifth value was 0.86. Because no 
standard procedure exists for the selection of the number 
of factors, factor matrices with four and five eigenvalues 
were calculated. After comparing the two varimax rotated 
matrices, the solution with four factors was preferred, and 
the varimax rotated factor matrix is represented in Table 
1 (the most important values are shown in bold).
To facilitate factor interpretation, factor loadings 
smaller than three times the standard deviation were 
rejected because they are considered to be not statistically 
significant (11). The four factors explain together 81.4% 
of the total variance of the variables, and communality 
values for most of the variables are high, situated between
0.74 and 0.93, except for Mg, Ca, and Cl. The first factor 
is determined by high loadings of Al, Si, Fe, Ti, Zn and 
Na and Cl. Explaining 63.7 % of the total variance this 
factor provides the two major particle types: marine sea- 
salt particles and aluminosilicates such as fly ash and soil 
dust with a continental or anthropogenic origin. The 
inverse correlation between both group concentrations is 
expressed by the minus sign of the Na and Cl loading. The 
combination of the seven elements in those two element 
groups is confirmed by an additional factor analysis. 
Factor two contains mainly Mg, K, S, and Ca which 
indicates the presence of seawater crystallization products 
such as different combinations of CaC03, CaS04, K2SO4, 
MgS04, and dolomite. The NaCl crystals, which should 
represent the main crystallization product [70% of the 
total dissolved solids inside a seawater droplet (76)], were 
probably classified in the first factor due to their domi­
nance as compared to the other crystallization salts. 
Recalculations of the data set by choosing three factors 
instead of four confirms this. The loadings of Na and Cl 
increase, but the communalities that describe how well 
the factor analysis reproduces the reality are lower. The 
solution with four factors is therefore more appropriate. 
Factors three and four can be associated mainly with 
industrial origins because of high loadings for Ni and Zn, 
inversely correlated with Na, and for Ni and P, respectively. 
Elements like Ni and V are released by oil combustion 
processes in power plants due to oil-fired furnaces. 
Because the low contribution of natural sources to the 
total emission of Ni and V, respectively 14 % and 16 % (12, 
13), Ni and V are used as indicator elements of oil-fired 
power plants and oil combustion sources in numerous 
industries. Iron, steel, and ferro alloy plants are respon­
sible for the release of Zn. The emissions are distributed 
evenly over Europe, but large emission areas are located 
in the United Kingdom, Spain, and Italy. The occurrence 
of P in the presence of Fe can be assigned to anthropogenic 
emissions because of its use in ferro alloy.
Hierarchical Clustering. Particle classification into 
different groups based on their chemical composition was 
achieved by hierarchical cluster analysis. Correct inter­
pretation of the cluster analysis results was possible by 
taking into account the exact ship positions and meteo­
rological data like wind speed, wind direction, and relative 
humidity during sampling periods. From September 15 
to September 27, wind speed fluctuated between 3.4 and
14.5 m/s, and the prevailing wind direction was southwest, 
characterizing the samples by both continental and marine 
influences. The results of the hierarchical clustering of 
300 particles for each of the five impactor stages collected 
on September 18 are shown in Tables 2and 3, on the upwind 
and downwind ship, respectively. The stage number 
corresponds to the theoretical cutoff diameter of the 
particles collected on a certain stage. For each particle 
type the percent of abundance in a group of 300 particles 
is given as well as its average diameter (/tm) and its 
composition. Clustering results for aerosol and rainwater 
samples will be discussed separately.
Aerosols. Depending on the sample, three to eight 
different aerosol types were distinguished. Due to stormy 
weather and high wind speeds, the concentration of sea- 
salt particles is very high in all the impactors, ranging 
from 10 to 90 % of the total aerosol abundance. In a marine 
atmosphere, sea spray particles are mainly produced by 
the bubble-bursting mechanism. Due to breaking waves,
T a b le  2. H ie ra r c h ic a l  C lu s te r in g  R e su lts  o f  F iv e  A ero so l 
S a m p le s  T a k e n  o n  th e  F .S . Alkor  (U p w in d  S h ip ) on  
S e p te m b e r  18, 1991
av
stage abundance (% ) d iam eter (Mm) com position
1, d > 20 nm 49 6.8 N aCl
24 5.3 organic
6.0 4.0 Al, Si, Fe
6.0 4.5 C r-rich
4.0 6.7 KC1
2 ,8  fim <  d < 20 /im 72 3.1 NaCl
16 4.6 NaCl, C aS 0 4
3.3 1.7 CaSCXi, Cl
3.0 3.6 Al, Si, Fe
2.0 3.5 Fe, Cl
3, 4 /xm <  d <  8 /im 75 1.3 Cl-rich
12 1.2 organic
7.0 1.8 NaCl
2.3 1.7 Al, Si, Fe
1.0 1.2 Fe-rich
1.0 2.2 Si, Cl
4, 2 Mm <  d 4 Mm 74 2.0 NaCl
7.7 2.1 N a-rich
6.3 2.4 C aS 0 4, NaCl
3.4 1.8 organic
3.0 1.5 CaSC>4
3.0 3.2 NaCl, Al, Si
5 ,1  Mm <  d < 2 Mm 70 2.2 organic
18 1.7 Cl-rich
3.0 1.8 Si-rich
T a b le  3. H ie ra rc h ic a l  C lu s te r in g  R e su lts  o f  F iv e  A ero so l
S a m p le s  T a k e n  on th e  R .V . Belgica (D o w n w a rd  S h ip ) on
S e p te m b e r  18, 1991,, fro m  S am e A ir  M ass w ith  D elay  o f  6 h
av
stage abundance (% ) diam eter (Mm) composition
1, d > 20 Mm 55 4.9 NaCl
14 5.0 NaCl, C aS 0 4
13 5.3 Cl-rich
11 4.0 organic
4.3 3.6 CaSC>4, Cl
2.0 5.0 Al, Si, Fe
2 ,8  fim < d<  2 0 Mm 43 5.0 NaCl
27 3.1 C aS 04, Cl
8.0 2.4 Al, Si, Fe
7.6 4.0 Mg, S, Cl, K
6.0 2.9 Al, Si, Fe
5.3 2.6 Na-rich
3 ,4  Mm <  d < 8 Mm 77 1.5 Cl-rich
16 2.0 NaCl
9.3 1.7 organic
1.0 2.8 CaSC>4
1.0 1.5 Si, Cl
4, 2 Mm <  d < 4 Mm 50 3.0 NaCl
30 2.2 organic
7.0 2.2 C aS 0 4
3.3 2.7 Al, Si, Fe
3.3 1.7 S-rich
2.6 2.6 Si-rich
5 ,1  Mm <  d < 2 Mm 31 1.5 NaCl
31 1.6 Cl-rich
21 1.4 organic
5.0 1.5 Na-rich
4.0 1.5 Al, Si, Fe
2.0 1.1 Fe-rich
2.0 1.6 S, Cl
air is captured and released as bubbles at the sea surface. 
Bubble breaking results in the ejection of film and jet 
drops into the atmosphere. This process is more effective 
with increasing wind speeds. Experiments performed by 
Deleeuw (14) concerning vertical profiles of giant sea spray 
particles deduced from their size distribution close above 
the sea surface confirm that particle concentration and
variation of sampling height are strongly influenced by 
wind speed. At sampling heights of 11 m, the increase in 
particle number concentration of 11-jtm particles per 
particle diameter increment could be up to a factor of 10 
if the wind speed increases from 2 to 16 m/s. During 
transport in the atmosphere, pure NaCl particles can react 
with sulfuric acid or SO2 to produce transformed or aged 
sea-salt particles. In some of the samples, high concen­
trations of these sulfur-rich particles were detected, but 
mostly their abundance was low. This can be explained 
by the limited time the particles possess to react with 
sulfur-containing compounds, between their creation and 
sampling. All samples are also characterized by high 
abundances (3-33%) of Ca- and S-rich particles. These 
particles can have a marine or a continental origin and are 
identified as CaSO^ Responsible mechanisms (15) could 
be a fractional crystallization from seawater, interaction 
between CaC03 aerosols and atmospheric SO2 or H2SO4, 
release of gypsum from flue gas in desulfurization pro­
cesses, and limestone building deteriorating due to air 
pollution. The first two mechanisms are positively 
influenced by high relative humidity. Seawater crystal­
lization products such as KC1, MgCl2, MgS04, and K2SO4 
are found in 43% of the samples, and abundances are 
below 19 %. Crystallization of successive salts appears by 
evaporation of seawater drops and is subdivided in four 
stages (16). The first is characterized by the crystallization 
of CaC03 and dolomite. CaS(>4 and NaCl precipitate 
respectively the second and third stage. Finally, sodium, 
potassium, and magnesium sulfates and potassium and 
magnesium chloride precipitate. Sometimes aluminosili­
cates such as fly ash and soil dust account for 30% of the 
total aerosol abundance. Major elements detected in these 
particles are Si, Al, K, Mg, Fe, and S, which are seldom 
accompanied by minor elements such as Ti, Cu, Zn, Cr, 
and Mn. Sometimes high concentrations of S and Ca were 
found, pointing out the existence of secondary reactions 
with anthropogenic emissions of SO2 and H2SO4. Until 
now, no significant difference in composition could be 
found between fly ash and soil dust particles; only 
morphological differences appeared. Fly ash is often 
spherically shaped, and it is emitted by high-temperature 
combustion processes in power plants; on the other hand, 
soil dust particles are irregularly shaped and the result of 
soil erosion. A few times Si- and Fe-rich particles were 
observed. Si-rich particles originate from quartz or from 
the decomposition of aluminosilicates confirmed by lower 
concentrations of elements such as Al, Mg, S, K, and Fe. 
Combustion processes could also be a possible Si source, 
but the associated diameters should be smaller than 1 nm 
(15), which is not the case for our samples. The abundance 
of Fe-rich particles mainly results from metallurgical 
processes. Organic particles were also present in significant 
concentrations and probably correspond to biological 
materials like pollen, bacteria, bird excrements, etc. In 
EPXMA, the detection is limited to elements with an 
atomic number > 11, due to the presence of a Be window 
in front of the Si—Li detector. The X-rays of elements 
like C, 0 , and N are too low energy to penetrate this 
window, and therefore during EPXMA, a particle is 
classified as organic if no X-rays are collected. Particle 
diameters were observed to be smaller, especially for large 
particles, than the cutoff aerodynamic diameters of the 
May impactor stages. In a marine environment, this can 
be attributed to four different effects: particle density
above 1, splintering of large particles into pieces upon 
impaction, collection of wet particles which are reduced 
in volume after drying, or fractional crystallization oc­
curring after evaporation of the water present leading to 
many small particles. The appearance of NaCl in low 
concentrations in all the hierarchical clustering tables 
(except for pure NaCl or transformed NaCl) can be 
explained as a NaCl coating. This kind of coating can be 
established in different ways (17). The two major 
mechanisms responsible for a possible NaCl coating at 
North Sea aerosols are the evaporation of seawater present 
in particles originating from sea spray and the collision or 
coalescence of particles with NaCl-containing cloud drop­
lets. According to Andreae (17), \i the surface of a mineral 
dust particle has a coating of water-soluble material (the 
result of a chemical reaction or the residue from a rain 
shower), it will probably act as a cloud condensation 
nucleus (CCN). Due to the adsorption of droplets at its 
surface, the CCN increases in size. On the other hand, if 
the particle is hydrophobic because lack of soluble material 
on its surface or because of a nonpolar organic coating, 
then it might not be a CCN. These particles can collide 
and coalescence with cloud droplets and develop possibly 
into CCN. If the cloud droplets disappear by evaporation 
instead of rainout, crystallization of the solute could appear 
as a coating on the particle surface.
By investigating possible changes between the samples 
collected during six sampling periods on board the Alkor 
and the Belgica (positioned at 200 km downwind from 
each other), the following conclusions were made: (a) No 
significant decrease in particle diameter was observed; 
the average diameter of particle “types” for each stage 
remains more or less constant, (b) The abundance of 
seawater crystallization products increases during traveling 
across the sea for the first two stages (particles with 
diameters above 20 nm and between 20 and 8 /tm, 
respectively), with a factor 2.2 and 2.4, respectively. The 
discrimination between different element combinations 
seems to be more difficult for the Belgica samples, (c) In 
stages with particle diameters above 4 nm, a decrease in 
aluminosilicate abundance was noticed, (d) 48% of the 
analyzed samples did not contain organic particles. If 
present, no clear changes in relevant abundance could be 
discovered between samples from the two research vessels, 
(e) An increase in freshly produced NaCl particles was 
observed at the first three stages; aged sea salt almost 
disappears at large particle stages, and its abundance is 
replaced by pure NaCl. The determination of changes in 
diameter for each stage is very difficult because sometimes 
groups disappear or their composition becomes very 
complex. Diameters fluctuate: in some of the samples 
they increase, in others they decrease during air mass 
travel. A marine climate like the North Sea is character­
ized by high atmospheric concentrations of marine-derived 
components and a very high relative humidity, which offers 
particles the possibility of water absorption during their 
atmospheric residence. Water uptake is caused by deli­
quescence of soluble salt present in the particle (18). Each 
salt is associated with its critical humidity at which it is 
transformed from the crystal form into the liquid phase. 
At very high relative humidity, a mixed salt particle can 
even be transformed into a droplet. As mentioned above, 
the evaporation of water can lead to a recrystallization. 
Compared with the initial salt composition, different 
combinations can be possible after this recrystallization
process. These facts probably explain the high abundance 
of seawater crystallization products and their difficult 
compositional interpretation. The decrease and some­
times total disappearance of aluminosilicate particles in 
the largest particle size fractions can be interpreted as a 
result of the short residence time of those large and giant 
particles in the atmosphere due to their higher sensitive­
ness compared with small or Aitken particles for removal 
mechanisms like sedimentation, impaction, rainout, and 
washout. The apparent increase in pure NaCl concentra­
tion and marine crystallization products could be explained 
by considering the following facts. The concentration is 
inversely correlated with height, and the difference in 
concentration is very clear by comparing sampling at 0.2 
and 11m height. Concentration differences between the 
sampling at 11 m on board the Alkor and at 15 m on board 
the Belgica, however, decrease very rapidly for particle 
diameters smaller than 20 /un. Therefore, the main reason 
for the difference in sea-salt concentration and marine 
crystallization products on both vessels is the increasing 
marine influence during air mass travel over the sea; the 
different sampling height will be of minor importance. 
Due to their dominant concentrations, both particle groups 
suppress all other particle types. Collection close to the 
sea implies a shorter time between creation and sampling, 
which decreases the possibility for reactions with other 
compounds like SO2, as mentioned before.
Wet Deposition. To study the changes in the composi­
tion of rainwater particles above the North Sea, rainwater 
samples were collected on board the Alkor and the Belgica. 
Comparing the hierarchical cluster analysis results of the 
rainwater suspension samples from both vessels, showed 
a few differences. First, a significant difference in 
composition was distinguished. Samples collected on 
board the Alkor contained beside aluminosilicates and 
Si-rich particles high abundances of S, P, Fe, and Cr in 
contrast with the Belgica samples, which contained only 
high abundances of aluminosilicates and Si-rich particles. 
These high abundances of S, P, Fe, and Cr are probably 
the result of the downward mixing of anthropogenic plumes 
of SO2 and Fe- and Cr-rich particles from U.K. power 
plants. Due to the dilution of the air masses over a 200- 
km distance, the abundance of those elements probably 
decreases or even disappears. The occurrence of Cr serves 
as indicator for iron and steel industries (19), which is 
confirmed by the presence of Fe. In addition, a high 
abundance of organic material was detected in the Alkor 
samples. The exact composition of the organic material 
cannot be determined by EPXMA due to detection 
limitations. The only possible explanation for the high 
abundance of organic material can be either microorganism 
growth due to the thawing of rainwater during transport 
or the presence of bird excrements. Second, differences 
in particle diameters could be noticed. For the rain 
samples collected on September 16, the mean particle 
diameter of the Alkor sample was significantly larger 
compared with that from the Belgica sample. The 
difference between the two samples collected on September 
22 was not so pronounced. A decrease in mean particle 
diameter could be the result of the removal of several giant 
and large particles from the air mass by washout and 
rainout during air mass travel.
Non-Automated EPXMA. North Sea aerosols are a 
mixture of different components, some derived from the 
sea itself and some supplied by the wind, sometimes from
Figure 2. Linearly shaped particle rich in Na and Cl at the end a Si-rich 
particle.
very distant places (20). The abundance of particle types 
is influenced by meteorological conditions and obviously 
by the sampling site. Based on their composition, seven 
groups of giant particles were manually analyzed: NaCl, 
aluminosilicates, Si-rich, S- and K-rich, Fe-rich, Ca- and 
S-rich particles, and particles with a high contribution of 
heavy metals.
The first class of particles, sea salt, was subdivided in 
two groups: freshly produced sea salt and transformed or 
aged sea salt. In addition to the cubic shape typical for 
halite and the irregularly shaped NaCl particles (probably 
agglomerated halite crystals) described in the literature, 
linearly shaped particles were observed with lengths 
ranging from 7 to 37 /un (Figure 2). In 58 % of the linearly 
shaped particles, higher concentrations of Cl were detected. 
The stoichiometry and mineral types of these NaCl-rich 
particles are not clear. Transformed or aged sea-salt 
particles were irregularly shaped with diameters varying 
from 4 to 9 /im. Low concentrations of Al, Si, Mg, K, and 
P indicate the presence of soil dust particles.
Si-rich particles and K- and S-rich particles were 
irregularly shaped with corresponding diameters of 3-7 
and 3-9 /im, respectively. Consistent with the literature 
(15), spherical fly ash particles and irregularly shaped soil 
dust particles were detected. The fly ash particles, with 
diameters of 3-5 /un, were sometimes enriched in S, likely 
originating from secondary reactions with anthropogenic 
S compounds, and in agreement with experimental results 
of Kaufer (21), the variations in Ti and Mg concentrations 
were independent of particle size. Ni, Cu, and Zn were 
rejected from the tables because of too low concentrations. 
Beside the higher S concentrations, 25% of the soil dust 
particles contained also higher concentrations of Ca. A 
possible explanation could be the occurrence of reactions
between H2SO4 and aluminosilicate-mineral particles. 
Concentrations of Ni, Cu, and Zn could also be neglected. 
The presence of S- and K-rich particles results as described 
above from seawater crystallization products, and high 
concentrations of K may refer to a pollution or biological 
source.
Fe-rich particles can be spherical or irregularly shaped. 
The ones we examined were mainly irregularly shaped 
with diameters ranging from 3 to 7 /un. Beside the pure 
Fe-rich particles, Fe particles with enriched S concentra­
tions were detected. S enrichment could be the result of 
the metallurgie processes.
Based on their shape, Ca- and S-rich particles could be 
divided in two groups. The irregularly shaped CaSO,j 
particles vary in diameter from 3 to 12 /im, and lower 
concentrations of Si, K, Fe, Mg, and A1 refer to the presence 
of soil dust. The second group contains apparently 
diamond and elongated hexagonally shaped particles with 
diameters from 3 to 10 #tm, and no characteristic alumi­
nosilicate elements were present. These two shapes belong 
to the same crystal type called gypsum. By observing the 
crystalline form from the top view and then from the front 
view, the elongated hexagonal shape (Figure 3, top) 
followed by the diamond shape (Figure 3, bottom) were 
distinguished. Particles with enriched concentrations of 
Ti, Zn, and Cu belong to the seventh group and are 
irregularly shaped with varying diameters of 3-9 nm. 
Compared to submicrometer particles (22), only low 
concentrations of heavy metals could be found. Due to 
industrial high-temperature combustion processes, gases 
are released which mainly convert by sudden cooling into 
submicrometer particles. Condensation can also occur on 
the surface of already existing particles. These kinds of 
composite particles may of course also arise from the 
coagulation of small particles onto large ones. Finally, we 
could conclude that, compared with the literature, only 
for NaCl and Ca- and S-rich particles were different shapes 
detected; the other ones matched those described in earlier 
published articles by different authors.
Conclusion
T 0 study variations in composition of air masses crossing 
the North Sea due to air-sea exchange processes in the 
lower troposphere, aerosol and rainwater samples were 
collected on two research vessels positioned 200 km apart 
downwind from each other. Single-particle analysis was 
achieved by EPXMA.
The identification of the particle origin was possible by 
performing PFA on the data set resulting in four different 
giant aerosol sources: aluminosilicates and sea salt, seasalt 
crystallization processes, and two industrial sources. The 
classification of particles into groups of chemically similar 
composition was accomplished by a hierarchical cluster 
analyses according to Ward’s error sum method. A total 
of eight different aerosol types could be distinguished: 
freshly produced and aged NaCl particles; Ca- and S-rich 
particles; seawater crystallization products like NaS04, 
K2SO4, KC1, and MgC^; aluminosilicates as fly ash and 
soil dust; Si-rich particles; Fe-rich particles; and organic 
particles.
By comparing aerosol clustering results of the two 
research vessels, three differences in composition were 
found after crossing a large distance above the sea: the 
abundance of crystallization products increases at the first
two stages, leading to difficulties in the interpretations of 
salt compositions; the aluminosilicate abundance in the 
first three stages in the samples decreased; and in some 
of the samples, the aged sea-salt abundance decreases or 
sometimes disappears at higher stages in favor of pure 
NaCl. No significant decrease in particle diameter was 
observed. Compositional as well as size differences 
appeared in the collected rainwater samples of both 
research vessels.
Manual EPXMA was performed to investigate the 
relations between particle composition, origin, and shape. 
Based on their chemical composition, seven groups were 
determined: NaCl particles, Si-rich particles, alumino­
silicates, Fe-rich particles, S- and K-rich particles, Ca- 
and S-rich particles, and particles with a high contribution 
of heavy metals. All shapes matched with those described
in literature, and only for NaCl and CaSC>4 were unexpected 
shapes detected.
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Abstract
Air sampling on a series of 10 cruises, spanning the whole area of the North Sea, yielded detailed spatial distributions of 
atmospheric concentrations of Al, Si, S, Cl, P, K, Ca, Ti, V , Cr, Mn, Fe, Ni, Cu, Zn and Pb determined by E D X R F . A  strong 
influence of the air mass history on the heavy metal concentrations was demonstrated for the whole sampling period of 5 years. 
Factor analysis performed on all samples collected with a stack filter unit resulted in the identification of three factors for the 
coarse particle fraction (sulphate particles with trace metals, sea salt particles and soil dust or metallurgie particles containing Fe) 
and four factors for the fine particle fraction (sea salt, sulphate with Pb and Zn), trace metal particles with Cu, Ni, Zn and fly-ash 
particles. The same statistics performed on all samples collected above the Southern Bight of the North Sea yielded three factors, 
namely: sea salt particles, particles enriched in Ni and V , originating from natural oil combustion and particles containing a variety 
of elements such as S, K, Ca, Fe, Pb, Cu and Zn. Compared with relevant measurements of trace elements in this area, a relatively 
good agreement can be found.
Keywords: Aerosols; Trace elements; North Sea; E D X R F
1. I n t r o d u c t io n
In order to understand more about the North 
Sea aerosol constituents and their sources and 
their fate, an extensive sampling program, span­
ning more than 5 years, was set up with the 
Belgian oceanographic research vessel R /V  Bel- 
gica. Aerosol samples were collected under dif­
ferent meteorological situations and from differ­
* Corresponding author.
ent regions, covering the complete North Sea and 
the English Channel. Particulate matter, collected 
on membrane-type filters, was analysed with en­
ergy-dispersive X-ray fluorescence (EDXRF) 
yielding atmospheric concentrations for Al, Si, P, 
S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn and 
Pb. The results of EDXRF measurements on 71 
filter samples collected during these 10 different 
sampling campaigns are discussed. A multi-variate 
technique, factor analysis, was used for the de­
termination of the underlying structure of the 
total data set.
Elsevier Science BV.
SSDI 0048-9697(94)04146-E
2. Analytical procedure
2.1. Instrumentation
The analyses were performed by an EDXRF 
instrument Spectrace 5000 (Mountain View, CA, 
USA), which is completely controlled by and 
operated from an IBM-AT type microcomputer. 
The Spectrace 5000 uses a 17.5-watt power X-ray 
tube with Rh anode target. It operates within a 
range of 6-50 keV and with a maximum current 
of 0.35 mA. The exciting X-ray beam passes a 
\21-pm  thick Be window, is collimated and finally 
passes through a filter system. The filter system 
allows the use of either no filter at all or a 
selection from five different filter types: a cellu­
lose filter, a \21-pm  A1 filter, a 50-^.m Rh filter, a 
127-yxm Rh filter or a 630-yu.m Cu filter.
At 90° relative to the incident X-ray beam, the 
characteristic X-rays from the sample and the 
scattered X-rays are detected by an energy-dis­
persive Si(Li) detector. Data acquisition and dis­
play is done by a PC.
2.2. Calibration
In the calibration procedure followed, a series 
of thin film reference standards, composed of 
pure elements or simple inorganic compounds 
evaporated on a 4-/xm thick Mylar foil (Micro­
matter, Seattle, WA), were used. Low Z element 
standards were analysed with an accelerating volt­
age of 15 kV, using a current of 0.35 mA and an 
irradiation time of 1000 s. No collimator was 
used. Because of overlap between the Rh-L lines 
and the Cl-K and S-K lines, a cellulose filter was 
used for filtration of the incident polychromatic 
X-ray beam. For high Z element standards, irra­
diation was done during 1000 s with a 35-kV 
beam using a 0.35-mA current and a thin Rh-filter. 
For Pb, the L lines are used for calibration.
X-ray spectra were analysed with the AXIL 
software (Van Espen et al., 1986). The calibration 
procedure was evaluated by analysing two NBS 
reference standards consisting of a Nuclepore 
membrane with a deposited glass layer.
Table 1 lists the detection limits for airborne 
particulate matter samples, assuming 10 m3 of air 
was drawn through a 47-mm diameter Nuclepore 
filter. Detection limits are calculated as three
Table 1
Detection limits assuming a sample volume of 10 m3 and a 
filter diameter of 47 mm
Element Detection limit 
(ng/m 3)
A1 200
Si 140
P 70
S 80
Cl 600
K 9
Ca 6
Ti 2.5
V 2.0
Cr 1.5
Mn 0.9
Fe 0.4
Ni 0.5
Cu 0.4
Zn 0.4
Pb 8
times the standard deviation on the peak sur­
faces, obtained by analysis of a blank filter. The 
high Cl detection limit is due to the interference 
of incompletely filtered Rh-L lines that coincide 
with the Cl-K lines.
2.3. Sampling strategy
Total airborne particulate matter was collected 
from the R /V  Belgica on 47-mm diameter, 0.4- 
gm  pore-size polycarbonate membrane-type fil­
ters (Nuclepore, aerosol grade). In some cases, a 
dual filter unit was used, consisting of a 8.0-/i,m 
pore-size filter, followed by a 0.4-/im pore-size 
one. This double filter sampler allows separation 
of the coarse particle fraction ( > 2 pm ) from the 
fine particle fraction during sampling. The Plexi­
glass filter holder has a hat-type cover to protect 
the filters from contamination by seawater 
droplets. Table 2 shows the results of electron 
microscope measurements on five dual samples, 
with and without hat, taken on the North Sea. 
From the particle size distributions, the number 
of particles with a diameter > 2 pm  was calcu­
lated. There is no systematic difference between 
the sampler with hat and the sampler without hat. 
The percentage of mass (calculated from the 
numerical size distribution by assuming the same
Table 2
Sampling efficiency of hat-type fitter system for 5 different dual samples
Percentage of particles >  2 /am Percentage of mass represented by particles >  2 /am
With hat Without hat With hat Without hat
2.4 7.9 66 72
3.0 2.3 63 75
1.5 2.7 66 68
5.8 2.3 88 80
9.1 8.6 89 90
density and shape for all particles), represented 
by particles with a diameter larger than 2 /am, is 
nearly the same with the two setups used.
The filter holder was placed at the front end of 
the ship at a height of ~ 10 m above sea level. A 
20-m plastic hose connects the filter unit to a 
vacuum pump (Becker type VT 6) and a dry gas 
meter which are placed at the upper deck near 
the bridge.
The pump is operated at a flow rate of ~ 35 
1/min for 4-12 h for each sample in order to 
collect 10 m3. Sampling was discontinued when­
ever the relative wind direction to the ship was 
< — 45° or > 45° for reasons of possible contami­
nation by the diesel engine exhaust of the ship 
itself. Therefore, although the sampling volume is 
nearly the same for all samples, they may be 
collected over a wide range of total sampling 
times.
Filter samples were immediately transferred to 
a flow hood inside the chemical laboratory on the 
ship and placed in a plastic box until analysis hy 
EDXRF in the University laboratory.
3. Results
Here, an overview is given of all results 
concerning atmospheric concentrations of trace 
elements in the North Sea atmosphere. When no 
data are given for an element in campaign, all 
EDXRF results were below the detection limit 
during that campaign.
3.1. Campaign 1
General sampling data and meteorological infor- 
mation. During campaign 1, four aerosol samples 
were collected in the Southern Bight of the North
Sea, more specifically on the Belgian Continental 
Shelf.
Two-dimensional, 96-h backward air mass tra­
jectories were calculated by the Belgian weather 
service, KMI. Corresponding back trajectories for 
all four filters are shown in Fig. 1. These air mass 
trajectories indicate the origin and the history of 
the collected airborne particulate material. They 
often include more useful information than wind 
speed and wind direction data at the sampling 
site, since two samples collected at the same
Fig. 1. The 96-h backward air mass trajectories for samples 
of campaign 1 (sample location indicated by an X ).
location under similar local meteorological condi­
tions may have a completely different air mass 
history due to differences in the large-scale mete­
orological situation, i.e. the distribution of high 
and low pressure areas and the presence of cold 
and warm fronts.
E D X R F  results. Table 3 lists the atmospheric 
concentrations obtained. In sample 1, the highest 
S, K, V, Ni, Cu, Zn and Pb concentrations are 
determined. From the air mass history (Fig. 1), 
the collected airborne material originated from 
the London area and the southern part of the 
UK. Sample 2 was collected under continental 
(French) influences (Fig. 1). Most concentrations 
are lower than in sample 1. The third sample was 
collected at higher wind speeds, up to 15 m /s. 
This is reflected in a higher Cl concentration, 
while the concentrations of all other elements are 
much lower than in samples 1 and 2. The fourth 
sample was also collected under more continental 
influence and at lower wind speeds, resulting in 
higher concentrations for anthropogenic elements 
and a lower Cl concentration compared with the 
previous sample. Although there is only an inter­
val of 12 h between the third and the fourth 
sample, concentrations differ significantly; the Pb 
concentration goes up by a factor of 3.5 from 40 
to 140 ng /m 3. Rapid changes in the meteorologi­
cal situation are reflected without delay in the 
atmospheric concentrations of trace elements.
3.2. C a m p a ig n  2
G en era l sa m p lin g  d a ta  a n d  m e teo ro lo g ica l in fo r ­
m a tio n . During the first part of a 3-week cam­
paign, between Zeebrugge (Belgium) and Bergen 
(Norway), 8 aerosol samples were collected on 
0.4-jum pore-size Nuclepore filters. During the 
second part of the campaign, between Bergen and 
Zeebrugge, another 7 samples were collected, this 
time by using a stacked filter unit consisting of a 
8.0-/r.m pore-size Nuclepore filter, followed by a 
0.4-)u.m one.
Table 4 summarizes the available meteorologi­
cal information for campaign 2: wind direction, 
wind speed and an indication of the air mass
Table 3
E D X R F  results in ng/m 3 — Campaign 1
Element Sample
1 2 3 4
S 4600 1650 600 1510
Cl 800 620 1350 <600
K 310 310 190 270
Ca 250 450 120 140
V 70 32 18 30
Fe 470 720 300 740
Ni 15 7.0 <0 .5 < 0 .5
Cu 33 8.0 <0.4 <0.4
Zn 180 180 32 80
Pb 210 150 40 140
Table 4
Meteorological information — Campaign 2
Sample Wind sector Wind speed (m /s, range) Air mass history
1 N W -N E 1 -9 North Sea
2 N E -N 2 -9 North Sea
3 N E -N W 8 -10 Norway, northern Atlantic, North Sea
4 NW 4 -1 1 Northern Atlantic
5 NW 1 1 -1 8 Northern Atlantic
6 W 2 -9 Northern Atlantic
7 N E 15 -2 2 Norway, north Atlantic
8 N E 4 -15 Norway, northern Atlantic
9 N E -N 6 -1 1 Norway, northern Atlantic
10 N -W 2 -1 1 Northern Atlantic
11 Variable 4 -6 Norway, North Sea
12 S E -E 10 -13 North Sea, Germany, Denmark
13 Variable 4 -6 North Sea, Denmark
14 N -N E 5 -8 Norway, North Sea
15 NW 5 -8 U K , North Sea
history. Fig. 2 shows the track followed by the 
R /V  Belgica during campaign 2 and the 15 sam­
pling locations.
E D X R F  results. Table 5 lists the EDXRF re­
sults for samples 1-8 of campaign 2. Sample 1 
shows an extremely high Cu concentration (420 
ng /m 3), probably due to contamination, although 
the source for this contamination is not clear. 
Sample 5 has high concentrations for marine ele­
ments, most likely due to contamination by sea 
spray droplets from breaking waves at the bow of 
the ship. Generally speaking, concentrations are
Fig. 2. Track of campaign 2 (the numbers refer to the sample 
numbers).
reduced rapidly after the first sample and then 
remain low.
The air mass history indicates that the first 
sample was collected under partial influence of 
emissions from the UK, while samples 2-8 were 
collected under a predominantly northern wind 
with very little continental influence.
Table 6 lists the EDXRF results for the second 
part of campaign 2, for the coarse particle frac­
tion. The highest wind speed, measured during 
collection of sample 12, is reflected in a Cl con­
centration of 17 200 ng /m 3. During the time sam­
ples 9-11 were being collected, the wind direction 
was mainly north and sampled air masses had 
very little continental influence, resulting in low 
concentrations for all elements except Cl. As the 
wind direction changed and the sampled air mass 
passed over Germany and UK, concentrations 
started to increase. In the fine fraction results 
(Table 7), this is even more clearly the case. Pb 
concentrations in the fine fraction increase from 
below the detection limit (<  8 ng /m 3) in samples 
9-11 to 18-27 ng /m 3 in samples 12-15. Zn con­
centrations increase from 1-4 ng /m 3 to 14-19 
ng /m 3 and S concentrations from 460-940 ng /m 3 
to 1580-2550 ng /m 3.
3.3. C a m p a ig n  3
G en era l sa m p lin g  d a ta  a n d  m eteo ro lo g ica l in fo r ­
m a tio n . The track followed during campaign 3 is 
shown in Fig. 3. Three filter samples were col­
lected on the way north from Zeebrugge (Bel­
gium) to Hull (UK), while three others were 
collected on the way back to Zeebrugge. Wind 
speed and wind direction data are listed in 
Table 8.
E D X R F  results. The relatively high wind speed 
during the first part of the track is reflected in 
high Cl concentrations for samples 1-3. Sample 3, 
taken at the northern part of the track, shows the 
lowest heavy metal (Cu, Zn and Pb) concentra­
tions (Table 9).
During the second part of the campaign, the 
wind direction changed from southwest, over 
north to east and finally to southeast while the 
wind speed decreased steadily from 10-15 ms to 
0-5 m /s. Similar to the results of campaign 1, we
Table 5
E D X R F  results in ng/m 3 — Campaign 2: first part of campaign 2, single filter used for particle collection
Element Sample
1 2 3 4 5 6 7 8
P < 7 0 89 < 7 0 120 < 7 0 89 < 7 0 < 7 0
S 2400 900 650 500 14100 620 630 100
Cl 20700 2490 5050 3140 99600 2600 3040 910
K 560 110 140 80 4100 100 110 24
Ca 440 120 130 99 3100 82 94 31
Mn <0.9 2.0 1 1 <0.9 <0.9 <0.9 <0.9
Fe 30 19 12 23 17 <0.4 10 2.0
Ni 3 <0.5 1.0 1.0 <0.5 <0.5 1 < 0 .5
Cu 420 1 2 1 14 1 1 0.5
Zn 12 3 5 3 35 5 <0.4 2
Pb 14 < 8 < 8 < 8 < 8 < 8 < 8 < 8
Table 6
E D X R F  results in ng/m 3 — Campaign 2: second part of campaign 2, coarse particle fraction ( >  2 gm)
Element Sample
9 10 11 12 13 14 15
S 740 180 120 1300 365 640 860
Cl 6200 1370 665 17200 3020 2500 4000
K 170 40 26 300 110 200 250
Ca 230 31 26 380 93 370 450
Ti < 2.5 <2.5 7 < 2 .5 <2.5 25 < 2.5
Fe 24 5 15 19 35 145 110
Cu 2 1 <0.4 <0.4 <0.4 <0.4 <0.4
Zn 6 <0.4 <0.4 3 3 10 13
Pb 13 < 8 < 8 10 10 9 16
Table 7
E D X R F  results in ng/m 3 — Campaign 2: second part of campaign 2, fine particle fraction ( <  2 /xm)
Element Sample
9 10 11 12 13 14 15
S 940 660 460 1580 2550 640 1660
Cl <600 <600 <600 <600 <600 2500 <600
K 34 21 8 38 85 200 81
Ca 28 12 10 23 23 370 29
Ti <2.5 < 2.5 < 2.5 < 2.5 < 2.5 25 < 2.5
V <2.0 <2.0 <2.0 10 5 <2.0 11
Mn <0.9 3 <0.9 2 3 <0.9 7
Fe 11 4 4 26 30 145 28
Ni 1 1 1 2 2 <0.5 6
Cu 4 1 <0.4 2 2 <0.4 4
Zn 4 2 1 14 19 10 19
Pb < 8 < 8 < 8 19 18 9 27
see that Mn, Zn and Pb concentrations increase 
relatively more than other trace metal concentra­
tions, when the wind turns to the south.
3.4. C a m p a ig n  4
G en era l sa m p lin g  d a ta  a n d  m eteoro log ica l in fo r ­
m a tio n . Fig. 4 shows the track during this cam­
paign. The first 6 samples were collected with 
easterly wind. During samples 7 and 8, the wind 
direction changed slightly to the southeast. The 
wind speed never exceeded 7 m /s  and was most 
of the time lower than 5 m /s .
E D X R F  results. Table 10 shows the EDXRF  
results. Cl was not detected in a single sample. At 
very low wind speeds, the sea produces little sea 
spray droplets. In addition, high acid pollution 
concentrations will react with the few NaCl aero­
sols in the marine atmosphere, resulting in a 
release of HC1.
All anthropogenic elemental concentrations 
measured during this campaign are very high. Pb
Fig. 3. Track of campaign 3 (the numbers refer to the sample 
numbers).
concentrations vary from 46 to 280 n g /m 3, Zn 
concentrations from 110 to 790 n g /m 3 and S 
concentrations from 6400 to 15 200 n g /m 3. It is 
well known that, during the meteorological condi­
tions present during this campaign, pollutant con­
centrations tend to rise rapidly. A  combination of 
a low inversion height and low wind speeds limits 
natural dispersion of pollutants. Furthermore, the 
absence of any form of precipitation restricts the 
possibilities o f concentration decrease through 
wet deposition processes.
At the end of campaign 4, the wind direction 
gradually shifted from east to southeast, resulting 
in the highest concentrations for all elements.
3.5. C am pa ign  5
G enera l sa m p lin g  da ta  a n d  m eteoro log ica l in fo r­
m a tio n . Campaign 5 was performed in the English 
Channel, between Zeebrugge (Belgium) and the 
border of open Atlantic Ocean at 5°W. The track 
followed during this sampling campaign is shown 
in Fig. 5.
During the first half o f the sampling campaign, 
a moderate wind speed of 10 m /s  increased grad­
ually to 15 m /s , while the wind direction was 
southwest to west. During the second half of 
campaign 5, the wind speed rapidly decreased to 
below 5 m /s  and the wind direction changed to 
east to southeast (Table 11).
E D X R F  results. As the R /V  Belgica passed 
through the English Channel and the wind speed 
increased, the origin of the sampled air mass 
became more and more marine. This was re­
flected in a steady decrease in the S concentra­
tion from samples 1 to 5. While the wind direc­
tion changed from southwest to southeast and the
Table 8
Meteorological data — Campaign 3
Sample Wind sector Wind speed 
(m /s, range)
1 SW 7 -10
2 SW 4 -6
3 SW 7 -9
4 S -SW 3 -6
5 N E -E 2 -4
6 E -S E 5 -1 0
Element Sample
1 2 3 4 5 6
Si < 14 0 260 < 14 0 680 190 870
P 120 < 7 0 < 7 0 < 7 0 < 7 0 < 7 0
S 1630 870 640 2740 4510 4960
Cl 6060 3960 5070 910 730 730
K 420 230 340 840 420 700
Ca 360 360 210 170 170 700
Ti < 2.5 26 < 2 .5 23 < 2.5 < 2 .5
V <2.0 <2.0 < 2.0 29 74 20
Cr 31 6.0 55 11 97 46
Mn <0.9 <0.9 <0.9 22 15 68
Fe 130 180 110 320 610 840
Ni 4.0 5.0 8.0 14 30 11
Cu 6.1 4 <0.4 6.8 5.0 8.5
Zn 53 34 23 86 4.2 86
Pb 34 31 < 8 53 18 69
Table 10
E D X R F  results in ng/m 3 — Campaign 4
Element Sample
1 2 3 4 5 6 7 8
Si 840 1130 1120 940 1200 1860 2490 4820
P 290 420 370 380 380 600 690 690
S 6360 9600 8250 8790 8740 12900 14500 15200
K 300 340 330 420 400 560 740 1560
Ca 180 150 250 160 240 520 980 1970
Ti 11  20 31 15 26 69 100 180
V 14 18 13 11 17 33 42 46
Cr 2.3 4 8 21 7 8 14 27
Mn 17 17 19 23 21 33 46 180
Fe 370 360 410 400 530 980 1170 2760
Ni 8 :8 6 7 7 15 21 24
Cu 11  10 15 16 14 22 21 39
Zn 140 150 110 200 150 200. 220 790
Pb 120 76 46 84 73 140 170 280
Table 11
Meteorological data — Campaign 5
Sample Wind sector Wind speed 
(m /s, range)
1 SW 5 -1 0
2 s - s w 10-15
3 s - s w 10-15
4 NW 10-15
5 W -N W 5 -1 0
6 Variable 5 -1 0
7 Variable 0 -5
wind speed decreased at the end of the campaign, 
concentrations for most elements went up again 
(Table 12). The continental influence and the 
very low wind speed in sample 7 is illustrated by 
the low Cl concentration: <  600 n g /m 3 versus 
3190 n g /m 3 in the previous sample.
3.6. C a m p a ig n  6
G enera l sa m p lin g  da ta  a n d  m eteoro log ica l in fo r ­
m a tio n . Campaign 6 was organized through the
Fig. 4. Track of campaign 4 (the numbers refer to the sample 
numbers).
Fig. 5. Track of campaign 5 (the numbers refer to the sample 
numbers).
English Channel and seven filter samples were 
collected between Zeebrugge (Belgium) and the 
most westerly point of the followed track. Some 
96 h backward air mass trajectories are shown in 
Fig. 6.
E D X R F  R esu lts . Table 13 lists the EDXRF  
results for sampling campaign 6. Analogous to 
campaign 5, the concentrations of most elements 
go down steadily, as the R /V  Belgica passed 
through the English Channel and the origin of 
the collected air mass is mostly marine.
3.7. C a m p a ig n  7
G enera l sa m p lin g  d a ta  a n d  m eteoro log ica l in fo r ­
m a tio n . Fig. 7 shows the track followed during 
campaign 7. The 96-h backward air mass trajecto­
ries for the four samples collected are shown in 
Fig. 8. A  stacked filter unit was used for collection 
of the airborne particulate material.
E D X R F  results. The coarse and fine particle 
concentrations are listed in Tables 14 and 15, 
respectively.
The air mass collected during samples 3 and 4
Table 12
E D X R F  results in ng/m 3 — Campaign 5
Element Sample
1 2 3 4 5 6 7
A1 <200 230 <200 230 <200 <200 <200
Si 180 270 150 220 < 14 0 < 14 0 <  140
P 140 300 200 260 78 82 < 7 0
S 1360 1530 870 860 410 590 1200
Cl 3270 10400 7190 9990 3560 3190 <600
K 150 280 150 180 69 95 89
Ca 180 230 150 170 80 93 160
Ti < 2 < 2 < 2 < 2 < 2 < 2 17
V 12 9 < 2 <2.0 2 6 18
Cr 7 7 < 1 .5 <  1.5 <  1.5 <  1.5 <  1.5
Mn 2 <0.9 <0.9 <0.9 <0.9 <0.9 3
Fe 48 5 4.1 3.7 7.3 16 105
Ni 5 5 <0.4 <0.4 <0.4 <0.4 5
Cu <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 2
Zn 6 2 <0.4 <0.4 <0.4 2 27
Pb 10 < 8 < 8 < 8 < 8 < 8 < 8
Fig. 6. Some 96-h back trajectories for campaign 6 (sampling 
location indicated by an x).
has an important influence from emissions in 
France, while samples 1 and 2 are influenced by 
emissions in the UK.
3.8. C a m p a ig n  8
G en era l sa m p lin g  da ta  a n d  m eteo ro lo g ica l in fo r­
m a tio n . The track followed during campaign 8 is 
shown in Fig. 9. The 96-h backward trajectories 
are shown in Fig. 10 for samples 1-5; they indi­
cate continental air masses. Samples 7 and 8 were 
collected by a stacked filter unit when the wind 
direction changed to the southwest and the wind 
speed rapidly increased up to 10-11 on the Beau­
fort scale.
E D X R F  results. Table 16 shows the coarse par­
ticle fraction results for samples 1 -8 . Cl concen­
trations are reduced until sample 6, then a sud­
den increase due to a violent change in wind 
direction and wind speed results in a Cl concen­
tration of 5000-6000 n g /m 3, while Fe, Zn and Pb 
concentrations decrease abruptly at sample 7.
Table 17 lists the fine particle fraction results 
for campaign 8. S, K, Fe, V, Zn and Pb all show 
the same profile: an abrupt decrease as the m ete­
orological situation changes rapidly.
Table 13
E D X R F  results in ng/m 3 — Campaign 6
Element Sample
1 2 3 4 5 6 7
A1 250 <200 <200 <200 <200 <200 <200
Si 510 190 210 170 140 140 300
P 220 79 110 < 7 0 < 7 0 < 7 0 85
S 1890 1310 1080 1010 410 570 1040
Cl 5440 <600 2470 <600 <600 <600 1910
K 480 72 84 49 10 < 9 < 9
Ca 320 62 86 48 10 6.6 < 6
V 8 3 < 2 3 2.0 <2.0 < 2.0
Mn 1.0 <0.9 0.9 <0.9 <0.9 <0.9 <0.9
Fe 28 12 6 15. 3 1.0 3
Ni 3.0 0.6 <0.5 1.1 <0.5 <0.5 0.7
Cu 1.0 <0.4 <0.4 0.7 <0.4 0.4 0.5
Zn 6.7 0.4 0.6 <0.4 <0.4 0.5 <0.4
Pb < 8 10 < 8 < 8 < 8 < 8 < 8
S a m p l e  1 S a m p l e  2
m/
r ~ j  r
Fig. 7. Track of campaign 7 (the numbers refer to the sample 
numbers).
3.9. C a m p a ig n  9
G enera l sa m p lin g  da ta  a n d  m eteoro log ica l in fo r­
m a tio n . Six samples were collected when crossing 
the Southern Bight of the North Sea, between 
Zeebrugge and London. The wind direction was 
stable during the sampling period and remained 
between 280 and 320. Samples 5 and 6 were 
collected during entrance of the Thames estuary 
in the direction of London.
E D X R F  results. Table 18 shows the EDXRF  
results for campaign 9. The very high Mn concen­
trations in sample 1 is probably due to an un­
known source of contamination. Samples 1 -4  have 
comparable concentrations for most elements. 
The 10-fold increase in Fe and Zn concentrations 
is clearly associated with emissions from the Lon­
don area and the industry in southern England. 
Cu and Ni concentrations go up by a factor of 5.
3.10. C a m p a ig n  10
G enera l sa m p lin g  d a ta  a n d  m eteoro log ica l in fo r­
m a tio n . Fig. 11 shows the track followed during 
campaign 10. All samples were collected under
Fig. 8. The 96-h backward trajectories for campaign 7 (sam­
pling location indicated with an X  ) .
similar meteorological conditions. The wind di­
rection stayed within the northern sector, between 
320° and 30°.
E D X R F  results. Table 19 lists the ED X R F re­
sults of campaign 10. All elemental concentra­
tions in all eight samples are quite low. Not much 
variation is found as a function of time, which is 
in agreement with the constant wind direction 
and thus the fairly constant air mass history.
4. Average concentrations
Statistical data on the complete data set of 
aerosol samples are listed in Table 20: average, 
median, first quartile and fourth quartile concen­
tration. Thesè averages were calculated by leaving
Table 14
E D X R F  results in ng/m 3 — Campaign 7, coarse particle fraction ( >  2 /un)
Element Sample
1 2 3 4
Al 300 <200 <200 <200
Si 750 150 < 14 0 < 14 0
P < 7 0 81 120 < 7 0
S 400 400 590 460
Cl 1930 4140 4890 2300
K 150 93 110 77
Ca 46 91 110 68
Ti 20 <2.5 <2.5 < 2.5
V <2.0 <2.0 <2.0 5
Mn 5 <0.9 <0.9 <0.9
Fe 260 57 34 180
Ni 4 1.2 1.0 6
Cu 2 1.0 1.2 3
Zn 15 3 1.1 6
Pb < 8 < 8 9 < 8
out two contaminated samples of campaign 2. were collected between 51° and 54°N. These are
These numbers can be considered as average considered to be representative for the atmo-
concentrations for the total North Sea, including sphere above the Southern Bight of the North
the English Channel. Sea.
Table 21 lists separately the average concentra- It is obvious from Table 21 that concentrations
tion for the total North Sea, the Southern Bight in the northern part o f the North Sea are much
of the North Sea (defined as the area of the lower than in the Southern Bight. Mn, Zn, Pb and
North Sea south of latitude 54°N), and the north- Fe all show concentrations that are more than 10
em  part of the North Sea. Altogether 35 samples times higher in the southern part o f the North
Table 15
E D X R F  results in ng/m 3 — Campaign 7, fine particle fraction ( <  2 /rm)
Element Sample
1 2 3 4
A1 240 <200 <200 <200
Si 150 < 14 0 < 14 0 < 14 0
P 190 < 7 0 130 < 7 0
S 1150 660 740 1480
Cl 6540 1610 5300 <600
K 150 59 24 77
Ca 35 18 14 12
V 3 <2.0 <2.0 < 2.0
Cr < 1 .5 5 < 1 5 <  1.5
Mn 3 1 <0.9 <0.9
Fe 40 5 7 42
Ni 2 <0.5 1 4
Cu <0.4 <0.4 1.2 1.0
Zn 11 3 3 11
Pb 13 < 8 9 9
Element Sample
1 2 3 4 5 6 7 8
A1 310 230 <200 <200 <200 <200 <200 <200
Si 520 510 150 220 190 140 < 14 0 < 14 0
P 130 100 < 7 0 < 7 0 < 7 0 < 7 0 120 130
S 1720 1300 550 880 760 1060 510 670
Cl 1450 710 <600 <600 <600 <600 5080 5900
K 110 160 51 100 79 62 110 300
Ca 280 400 90 120 110 71 110 260
Ti 48 21 4 6 < 2 .5 4 < 2.5 < 2.5
V 2 3 <2.0 <2.0 < 2.0 <2.0 <2.0 < 2.0
Mn 11 71 2 2 3 2 <0.9 <0.9
Fe 490 290 67 96 73 57 4 3
Ni 3 2 2 <0.5 1.2 1.0 1.0 2
Cu 3 4 1.0 1.3 1.2 1.0 <0.4 1.1
Zn 51 48 17 20 16
OOrH 2 3
Pb 24 32 9 17 < 8 15 13 < 8
Sea compared with the northern part. Si, S, Ti 
and Cu concentrations are 4 -6  times higher in 
the south. K. Ca, V  and Ni have very similar 
‘southern part to northern part’ concentration 
ratios: 3.6-3.9. Al, P and Cr show the least dif­
ference between the northern part concentrations 
and southern part. This is merely a result o f the 
large number o f observations that were below the
detection limit of the analytical technique used. 
Average Cl concentrations are identical to within
5%.
5. Factor analysis
The main goal of applying factor analysis is to 
try to reduce a large number of variables (in our
Table 17
E D X R F  results in ng/m 3 — Campaign 8, fine particle fraction ( <  2 fim)
Element Sample •
1 2 3 4 5 6 7 8
A1 210 <200 <200 <200 200 <200 <200 <200
Si 160 180 160 < 14 0 <  140 < 14 0 <  140 < 14 0
P 220 200 130 190 180 170 < 7 0 < 7 0
S 3930 3470 2660 3780 3680 3200 92 <80
Cl 610 <600 <600 <600 <600 <600 <600 <600
K 200 320 190 240 140 110 10 < 9
Ca 15 33 < 6 7 < 6 7 < 6 < 6
Ti 7 3 <2.5 3 < 2.5 4 <2.5 5
V 20 16 10 10 8 6 2 6
Cr 6 3 2 2 < 1 .5 < 1 .5 4 6
Mn 13 18 10 6 5 4 <0.9 <0.9
Fe 197 159 25 18 9 5 <0.4 <0.4
Ni 3 5 2 2 1.2 1.2 <0.5 <0.5
Cu 3 8 3 1.3 <0.4 <0.4 <0.4 <0.4
Zn 68 107 43 32 23 20 <0.4 <0.4
Pb 66 135 58 52 31 31 < 8 < 8
Element Sample
1 2 3 4 5 6
Si < 14 0 <  140 < 14 0 <  140 250 550
S 900 1970 1480 1070 4830 7940
Cl 4520 6200 9840 6440 <600 970
K 280 270 640 230 330 530
Ca 330 290 1090 290 210 820
Ti 20 < 2.5 20 13 17 48
V 20 11 12 <2.0 10 17
Cr 15 40 26 17 19 48
Mn 170 <0.9 7.9 <0.9 14 20
Fe 87 68 110 41 280 550
Ni 10 4.7 6.0 1.5 4.9 8.2
Cu 8 8 15 3 7 15
Zn 74 13 64 10 72 140
Pb 19 13 18 < 8 65 120
case, 16 elemental concentrations) measured in a ference in inter-element correlations between the
system (in our case, the North Sea atmosphere) to coarse and the fine particle fraction. The results
a limited number of independent factors that for the coarse fraction aerosol samples are pre-
explain the variation of the observed system. sented in Table 22. Since, in a significant number
Factor analysis was performed using STAT- of samples, several elements are not detected,
GRAPHICS version 2.6 software that runs on an only seven variables were selected: S, Cl, K, Ca,
AT-type PC. Fe, Zn and Pb. Some 90% of the total variance
can be explained by the first three independent
5.1. C oarse fra c tio n  versus f in e  fra c tio n factors. The first factor is heavily loaded with Pb
Factor analysis was performed on a limited (0.94), S (0.79) and Zn (0.72) and represents sul-
sample set of 19 aerosol samples, collected with a phate particles that are rich in trace metals. The
stacked filter unit, in order to evaluate any dif- second factor with :K (0.96), Cl (0.83) and Ca
Table 19
E D X R F  results in ng/m3 — Campaign 10
Element Sample
1 2 3 4 5 6 7 8
S 290 220 230 220 130 340 140 300
Cl 1030 670 950 <600 <600 2400 <600 <600
K 49 35 88 17 16 100 34 17
Ca 60 52 28 25 49 110 20 < 6
Ti 23 < 2 7 15 20 13 9 11
V 12 6 5 <2.0 6 <2.0 <2.0 8
Cr 30 18 12 19 21 16 12 22
Fe 43 38 16 51 35 23 22 28
Ni 3 2 1.5 <0.5 3 <0.5 3 3
Cu 6 4 3 4 5 4 4 5
Zn 7 4 3 4 2 2 3 4
Table 20
Average, median, first and fourth quartile concentrations in ng/m 3, for all analysed samples
Element Average Median First quartile- 
fourth quartile
Si 399 < 14 0 < 14 0 -270
P 174 < 7 0 <  70-200
S 2750 1400 630-3900
C l 2890 1400 <  600-4500
K 254 200 88-340
Ca 239 150 78-320
Ti 14.0 0.7 <  2 .5 -17
V 12.4 5.9 <  2.0 -17
Cr 12.1 2.6 <  1 .5 -15
Mn 13.6 <0.9 < 0 .9 -10
Fe 229 48 16-320
Ni 4.7 2.7 0.7-7.0
Cu 5.5 3.1 0.6-8.0
Zn 54.9 12 2.7-74
Pb 40.6 13 < 8 -5 3
(0.77) is associated with sea salt particles. The 
third factor is heavily loaded with Fe (0.90) and 
can be associated with soil dust particles.
Factor analysis on the fine particle fraction 
(Table 23) yields four factors that explain 91.9% 
o f the observed variance. Factor 1 with S (0.91), K 
(0.85), Pb (0.76) and Zn (0.75) is again identified 
with trace metal rich sulphate particles. Factor 2 
is loaded with Cu (0.88), Ni (0.86) and Zn (0.62) 
and is also pollution related. Factor 3 with Ca 
(0.95) and Fe (0.67) is associated with C aS04 and
Fig. 9. Track of campaign 8 (the numbers refer to the sample 
numbers).
fly-ash emissions. The fourth factor, with Cl (0.98). 
is typical for the marine aerosol.
5.2. S a m p le s  co llec ted  o n  the  S o u th ern  B ig h t o f  the  
N o rth  Sea
Thirty-five samples were collected when the 
R /V  Belgica was in the Southern Bight o f  the 
North Sea, between 51° and 54°N. Factor analysis 
was performed on this data set using the fol-
Table 21
Average atmospheric concentrations in ng/m 3
Element Southern
Bight
Northern 
North Sea
Si 725 119
P 249 97
S 4780 778
Cl 2960 2830
K 401 110
Ca 382 100
Ti 24.9 4.6
V 18.8 4.9
Cr 14.2 10.1
Mn 28.5 0.8
Fe 432 31.3
Ni 7.5 2.0
Cu 9.2 1.9
Zn 107 4.7
Pb 77 5.0
lowing variables: S, Cl, K, Ca, V, Fe, Ni, Cu, Zn 
and Pb.
Table 24 shows that 91.5% of the observed 
variance can be explained by three factors. Sea 
salt particles are identified by the third factor 
with a high loading for Cl (0.92). Factor 2 is 
heavily loaded with V  (0.92) and Ni (0.91), two 
elements that are typical for oil burning residue. 
The first factor contains all other elements: Zn 
(0.91), Ca (0.89), Cu (0.87), K (0.85), Fe (0.84), Pb 
(0.83) and S (0.69).
Factor analysis applied to our data is only able 
to reveal a limited number o f aerosol particle 
sources: sea salt particles, oil burning residue and 
trace metal rich particles. Although there may be 
a larger number of particle sources and thus 
different particle types, the emission occurs mainly 
on land. After dispersion and transport, the conti­
nental aerosol will reach the marine atmosphere 
as a well mixed aerosol. In this way, factor analy­
sis on bulk results can not reveal the original 
sources. The fact that emissions from oil burning
Fig. 10. Some 96-h backward air mass trajectories for campaign 8 (sampling location indicated with an x).
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Fig. 11. Track of campaign 10 (the numbers refer to the 
sample numbers).
are often recognized as an independent source 
above the sea, suggests that this source has a 
somewhat different behaviour than other pollu­
tion sources. This might be explained by the emis­
sion of Ni and V  through diesel engine exhaust of 
the numerous ships, present on the North Sea.
In order to differentiate the various continental 
aerosol sources, other analysis techniques should 
be used; single particle techniques such as elec­
tron microprobe can offer more information here 
(Van Grieken and Xhoffer, 1992).
6. Conclusions
Atmospheric concentrations of different ele­
ments in the lower troposphere above the North
Table 22b
Estimated communality
Variable Estimated communality
S 0.871
Cl 0.826
K 0.931
Ca 0.861
Fe 0.952
Zn 0.975
Pb 0.943
Table 22c
Varimax rotated factor loading matrix
Variable Factor
1 2 3
S 0.79 0.37 0.33
Cl 0.05 0.83 0.38
K 0.05 0.96 0.04
Ca 0.48 0.77 0.21
Fe 0.37 0.03 0.90
Zn 0.72 0.13 0.66
Pb 0.94 0.05 0.22
Sea are highly variable as a function of both timi 
and location. Rapid changes in the meteorologi 
cal situation are reflected without delay in thi 
atmospheric concentrations of trace elements.
Average Cl concentration above the northeri 
part of the North Sea are approximately the sam< 
as above the Southern Bight of the North Sea 
Mn, Zn, Pb and Fe concentrations are 10-31 
times lower in the northern North Sea atmo 
sphere than in the southern part. Si, S, Ti, Cr, K
Table 23a
Table 22a
Factor analysis results, coarse particle fraction
Factor Eigenvalue % Variance Cumulative
variance
1 3.6 51.7 51.7
2 2.3 32.9 84.5
3 0.4 6.3 90.9
4 0.4 5.6 96.4
5 0.1 1.9 98.4
6 0.1 1.2 99.6
7 0.0 0.4 100.0
Factor analysis results, fine particle fraction
Factor Eigenvalue %  Variance Cumulative
variance
1 4.97 55.2 55.2
2 1.68 18.6 73.8
3 0.85 9.4 83.3
4 0.78 8.7 91.9
5 0.38 4.2 96.1
6 0.23 2.6 98.7
7 0.87 1.0 99.7
8 0.28 0.3 100.0
9 0.02 0.0 100.0
*
Table 23b
Estimated communality
Variable Estimated communality
S 0.925
Cl 0.997
K 0.933
Ca 0.949
Fe 0.863
Ni 0.790
Cu 0.899
Zn 0.972
Pb 0.946
Table 23c
Varimax rotated factor loading matrix
Variable Factor
1 2 3 4
S 0.91 0.14 0.17 0.21
Cl 0.10 0.12 0.10 0.98
K 0.85 0.29 0.35 0.10
Ca 0.07 0.17 0.95 0.10
Fe 0.46 0.45 0.67 0.05
Ni 0.20 0.86 0.11 0.06
Cu 0.32 0.88 0.07 0.13
Zn 0.75 0.62 0.11 0.09
Pb 0.76 0.59 0.04 0.09
Ca, V , Ni and Cu concentrations are on the 
average 3 -6  times lower above the northern North 
Sea, compared with the Southern Bight atmo­
sphere.
Factor analysis performed on all samples dis­
tinguished several particle types, predominantly 
the sea-salt particles and anthropogenic particles.
Table 25 compiles some published aerosol con­
centration data relevant to the study area. Com­
pared with similar results reported very recently 
by Ottley and Harrison (1993) ours are in rela­
tively good agreement. However, for example, 
compared with the ship-based measurements per­
formed by Dedeurwarder (1988) and Xhoffer et 
al. (1991), our results for the Southern Bight of 
the North Sea are up to 50% lower. This differ­
ence can most likely be attributed to the fact that 
these aerosol samples were collected in the very 
southern part of the North Sea, whereas our
Table 24a
Factor analysis results, Southern Bight samples
Factor Eigenvalue %
variance
Cumulative
variance
1 6.86 68.7 68.7
2 1.30 13.0 81.7
3 0.98 9.8 91.5
4 0.29 2.9 94.4
5 0.17 1.7 96.2
6 0.12 1.2 97.3
7 0.11 1.1 98.4
8 0.09 0.9 99.3
9 0.05 0.5 99.8
10 0.02 0.2 100.0
Table 24b
Estimated communality
Variable Estimated communality
S 0.854
Cl 0.899
K 0.889
Ca 0.915
V 0.960
Fe 0.937
Ni 0.973
Cu 0.903
Zn 0.932
Pb 0.890
Table 24c
Varimax rotated factor loading matrix
Variable Factor
1 2 3
S 0.69 0.26 0.56
Cl 0.08 0.21 0.92
K 0.85 0.41 0.03
Ca 0.89 0.24 0.25
V 0.25 0.92 0.24
Fe 0.84 0.43 0.21
Ni 0.36 0.91 0.15
Cu 0.87 0.26 0.27
Zn 0.91 0.20 0.25
Pb 0.83 0.16 0.41
Table 25
Comparison with some published aerosol concentration data (ng/m 3) relevant to the study area
Element This work Ottley and Harrison (1993) 
North Sea Marine*
Xhoffer et al. 
(1991)
Dedeurwaerder
(1988)
Van Jaarsveld et al. 
(1986)
K 254 1239 357 — — —
Ca 239 467 269 — — —
Mn 13.6 — — — 58 —
Fe 229 184 156 — 560 —
Cu 5.5 6.9 1.8 9.2 17 1.9
Zn 54.9 74.6 24.1 110 150 17
Pb 40.6 29.1 3.5 77 150 33
* Marine indicates north air mass source region
samples are covering the whole area of the South­
ern Bight of the North Sea (south of 54°N). 
M odel calculations by Van Jaarsveld et al. (1986) 
in the case of Pb show a good agreement with our 
observed Pb concentrations.
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Abstract Vertical profiles of S02 and 0 3 concentrations were measured continu­
ously within the lower atmosphere during 18 flights over the Southern Bight of the 
North Sea. The average S02 concentration below the temperature inversion layer 
ranged from 1.9 to 19.5 ppb. The highest levels were observed when the air masses 
came from the southeast-east and under variable wind sector conditions: 15.2 and 
12.0 ppb, respectively. The highest S02 concentrations were found at altitudes 
between 100 and 200 m. The overall average 0 3 concentration was 46 ppb, with 
values of 30-40 ppb at sea level to 60-70 ppb at altitudes above 100 m. Low 0 } 
concentrations reflect 0 3 depletion through reaction with freshly emitted pollutants, 
while high 0 3 concentrations are an indication of photochemical activity. 0 3 
concentrations are primarily dependent on seasonal influences, while S02 levels are 
dictated more by the history of the sampled air mass. The results are discussed in 
relation to the heavy metal concentrations, measured within the same experiment. In 
spite of some differences, S02 and trace metals showed similar trends. The 
individual S02 and 0 3 profiles clearly illustrated the high variability in vertical 
concentration distributions.
INTRODUCTION
It is well known that the emission of S 0 2 mainly results 
from the combustion of sulfur-containing fuels, the 
major share coming from the use of coal and oil in fossil 
fuel fired power plants, industrial combustion units, 
small combustion units in households, and traffic. The 
emissions in the traffic sector remained nearly constant 
despite the increase in vehicles and mileage, due to 
reduction o f the sulfur content in diesel fuel. In the 
household and small business sector, the emissions 
decreased due to the use of lower sulfur fuels (including 
gas) and a decrease in energy consumption. The 
em issions for various types o f sources in some 
European countries bordering the North Sea, as well as 
in the United States of America and Canada are strongly 
diminishing, as is demonstrated in Table 1. In 1990, on 
average about 40% of the 1980 man-made emissions of 
S 0 2 was emitted, related to regulatory measures.
Today, there is much concern about the dramatic loss 
of O, occurring in the stratosphere, but also about the 
steady increase o f the tropospheric O, concentrations in 
large parts of the northern hemisphere, due to emissions 
of hydrocarbons and nitrogen oxides. This has been 
confirmed in various sets of data from long-running Q,
measurements.1 The tropospheric concentrations of 0 3, 
which account for only 10% of the vertical 0 3 column 
above the earth’s surface, show average daily 1-h 
maxima of approximately 20-60 ppb.2 In clean, dry air 
near sea level, pollutants such as 0 3 and S 0 2 are gener­
ally present in minute concentrations: 20 ppb and 0.2 
ppb, respectively. Within the troposphere up to an alti­
tude of 5 km, the S 0 2 concentration decreases to values 
around 100 ppt. Above 5 km, a constant value up to the 
tropopause is observed. The S 0 2 concentration of 20 to
Table 1. S02 emissions (ktons y ')  for some countries 
bordering the North Sea,6 and for the USA and Canada,7 in 
1980 and 1990
1980 1990 Decrease (%)
Belgium 850 400 53
The Netherlands 500 200 60
West Germany 3300 1000 70
East Germany 4400 4900 -11
France 3400 1200 65
UK 4900 3900 20
USA 23100 21000 9
Canada 4500 3700 18
♦Author to whom correspondence should be addressed.
100 ppt seems typical for the layer above 6 km, and can 
be considered a background value for the higher tropo­
sphere.3 Above the Atlantic Ocean, nearly constant S 0 2 
concentrations in the troposphere were observed during 
aircraft flights. A background concentration of approxi­
mately 100 to 400 ppt is suggested.3
Table 2 shows mean S 0 2 and 0 3 concentration levels 
measured over Belgium, bordering the Southern Bight 
of the North Sea. Considering the North Sea area, the 
estimated total yearly deposition of sulfur as S 0 2 is 3,000 
ktons.4
To our knowledge, data on S 0 2 and 0 3 profiles with 
altitude have not been published hitherto for the South­
ern Bight o f the North Sea. Therefore, the aim of this 
work was to assess vertical concentration profiles of 
S 0 2 and 0 3, on the basis of the results of twenty-three 
flights above the Southern Bight of the Northern Sea, in 
relation to the particulate heavy metal content. As will 
be discussed below, the individual cases of vertical S 0 2 
distributions are strongly influenced by the vertical 
thermal stability o f the atmosphere, while observed 
variations in 0 3 levels through the atmosphere are 
primarily dependent on seasonal influences.
Table 2. Mean atmospheric S 0 2 and 0 3 concentrations (ppb) 
in Belgium8
Winter
(1989-90)
Summer
(1989)
Cities: o 3 4 -1 3 13-32
so 2 8-45 5-46
Countryside: O, 8-22 15-31
so 2 3-20 3-11
EXPERIMENTAL
S am pling
During the period September 1988 through October 1989, 
twenty-three flights by a twin-engine aircraft Piper Chieftain 
( P A -3 1 -3 5 0 , ca ll-s ig n  P H -E C O ) of the Geosens B .V .  
company (Rotterdam, The Netherlands) were flown above the 
Southern Bight of the North Sea (Fig. 1). The aircraft has been 
modified in order to perform a large variety of atmospheric 
research tasks. When fully equipped and using a crew of four 
persons, the flight time was limited to four and half hours. 
Considering the transfer time between the Rotterdam airport, 
where take-off took place, and the North Sea, a useful 
sampling time of three and a half hours was available during 
each flight. A ll flights were carried out during relatively 
cloudless periods, less than 3/8, without precipitation. On the 
way from Rotterdam airport to the Goeree platform, just off­
shore, all equipment was tested. Then, one spiral track was 
performed at Goeree, during which S 0 2 and 0 3 concentra­
tions, as well as temperature and dew point, were monitored 
for the inversion height localization. In the direction of the 
wind, six tracks were flown over the North Sea, each for 25 
min, usually at six heights mostly under the inversion layer. 
The last one was at minimum altitude, between 10 and 30 m 
above sea level. S 0 2 and 0 3 were measured continuously.
A na ly tica l E qu ipm en t
In situ S 0 2 measurements were performed with a pulsed 
fluorescence monitor (Thermao Electron, model 43A). The 
flow rate of the apparatus has been modified in order to 
increase the response time up to 12 s.
The S 0 2 monitor was calibrated before take-off of each 
flight with a standard gas mixture of S 0 2 and clean air. The 
detection limit was 1 ppb and the accuracy, about 1 .5 % .
0 3 was measured with a Bendix model 8002 (Combustion 
Engineering) chemiluminescence monitor. The operation of 
this instrument is based on the photometric detection of 
chemiluminescence that occurs through a gas-phase reaction 
of ethylene with 0 3. The instrument can be used in three 
different modes. In the zero mode, ozone-free air is led into the 
reaction chamber together with ethylene. In the span mode, an 
0 3 generator is used for producing a known concentration of
0 3. In the ambient mode, ambient air is led into the reaction 
chamber through a Teflon filter that removes all particles with 
diameter >  10 pm. The 0 3 generator is made up of an ultra­
violet lamp and a quartz tube. Dried 0 3-free air, which was 
passed through a chemical filter consisting of molecular 
sieves, silica gel, and activated charcoal, is passed through the 
quartz tube where 0 3 is generated by U V  light. The detector 
cell in the 0 3 analyzer consists of a photomultiplier. Inside the 
detector, thermo-electrical coders are used to maintain the 
temperature at 5 °C . This increases the lifetime of the detector 
and reduces the background. In the reaction chamber, the 
sampled atmosphere is mixed with ethylene. A  window is 
placed between the reaction chamber and the photomultiplier 
for protective purposes. Calibration was performed with 0 3- 
free air and with standard gas mixtures with known 0 3 
concentration. This calibration was performed before take-off 
of each flight. A  detection limit of 0.2 ppb, an accuracy of 1 % ,  
and a response time of 4 s were achieved with this apparatus.
Data acquistion was established by use of the three 
recorders (B B C  model S E A  430), each with three input/output 
channels. A modified Olivetti P C  model M 21 with 5 1/4" 
diskette was used for the collection of all parameters, with a 
frequency of 12 data-set collections per minute. If necessary, 
data transmission to a ground station was possible with an H F  
radio connection.
Sampling of airborne particulate matter was accomplished 
with a Pennsylvania State University (PSU ) isokinetic 
sampler. A ir enters the sampler through a carefully designed 
intake 2.03 cm in diameter, and is reduced in speed through a 
7 ° conical expansion that terminates in a cylindrical sampling 
chamber. The expansion angle of 7 °  m inim izes both 
dissipative losses and flow separation. The air speed is 
reduced by a factor of 16.6 from the aircraft speed. The 
sampler chamber has an inner diameter of 8.28 cm and a total 
length of 22.86 cm. In this chamber, a small fraction (< 10 % )
Fig. 1. The North Sea map with measurement region of the Southern Bight.
of the total air flow is removed by the aerosol instruments. The 
tubes leading to the individual instruments all have a gradual 
bend, and are adopted for isokinetic sampling by using an 
appropriate nozzle size to match the local air speed in the 
sample chamber to the instrument flow rate. The PSU sampler 
is mounted on the roof of the aircraft in such a way that the 
intake is located outside the boundary layer of the aircraft and 
no particulate or gaseous matter coming from the exhaust of 
the two engines can be sampled. In our experimental setup two 
filter types were used: a 0.4 pm pore size Nuclepore filter, 47 
mm in diameter, and a 1.0 pm pore size Teflon filter 
(Millipore, type FA), 47 mm in diameter. For size-differen­
tiated aerosol sampling, a nine-stage low-pressure Berner 
cascade LPI/0.06/30 (with cut-off diameters of 0.06, 0.125, 
0.25, 0.5, 1, 2, 4, 8, and 16 pm) was used. The use of low 
pressure results in a reduction of the frictional forces of the gas 
on the particles; the slip correction factor increases 
significantly for particles of around 1 pm when the pressure is 
reduced. In addition, a reduction in pressure results in an 
increase in volume flow through the smaller jets and a 
correlated increase in inertial forces. Hence, at low pressures, 
smaller particles are deposited in the impactor. The deposits 
were collected on 10-pm-thick aluminum foils. A flow rate of 
30 L min-' was maintained through the use of a high-volume 
pump which was powered by the 24 V generator of the 
aircraft.
The airborne particulate matter samples were analyzed 
with a differential pulse anodic stripping voltammetry 
(DPASV) unit, model EG & G (Princeton Applied Research, 
Princeton, NJ, USA). For our samples, the extraction consisted 
of a single 60 min ultrasonic treatment, placing the filter in 10 
ml ultrapure water (prepared by a Milipore Mili-Q purification 
unit), and acidifying with 70 (il of Merck Suprapure 
concentrated HNOr For the determination of Zn, the sample 
was neutralized to pH 4.0 by adding 1500 (tl of 0.1 M NaAc. 
Quantification was done by standard addition using 2 spikes 
for each element. Calculation of the concentration was based 
on measurement of the peak heights. The average relative 
standard deviation per measurement appeared to be between 
10 and 15% for the overall analytical procedure.
RESULTS AND DISCUSSION
Average S02and 0 } Profiles
The average S 0 2 and 0 3 concentrations for each 
track of all 18 flights were divided into 10 altitude 
classes (0-100 m, 100-200 m, 400-600 m, 600-800 m, 
800-1000 m, 1000-1200 m, 1200-1400 m, 1400-1800 
m, and 1800-2800 m). In Fig. 2, the average S 02 and 0_, 
values for the conditions of these experiments are given. 
The average 0 3 profile shows a clear increase in 
concentration with increasing altitude. At sea level, an 
average 0 3 concentration of 35 ppb was measured, 
while above 100 m, average values of 60 to 70 ppb were 
obtained.
For S 0 2, a reverse trend can be observed. Generally,
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S 02 concentrations at lower levels are higher than at 
higher altitudes. The maximum average S 0 2 was 
measured at between 100 and 200 m (16 ppb), while at 
sea level, an average value of 10 ppb was measured. 
This is in good agreement with the average trace metal 
profiles measured during the same experiment,5 as 
displayed in Fig. 3. All samples from all flights were 
divided into 10 classes of altitude (1-100, 100-200, 
200-400, 400-600, 600-800, 800-1000, 1000-1200, 
1200-1400, 1400-1800, and 1800-2800), and an 
average concentration was calculated for each altitude- 
class. The high value for the Cu concentration between 
1200 and 1400 m is due to one outlier concentration of 
189 ng n r3. Discarding this one value, all four trace 
metal levels yield maxima between 100 and 200 m.
In the next subsection, some specific profiles of a few 
selected but representative flights are discussed.
Flight 6. Figure 4 shows the temperature, S 02, and 
0 3 profiles measured during flight 6. This flight was 
performed when the sampled air masses originated from
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Fig. 2. Average (a) O, and (b) S02 concentrations as a function 
of altitude above the Southern Bight of the North Sea.
the northwest. The measured concentration profiles can 
therefore be regarded as background profiles for the 
atmosphere above the Southern Bight of the North Sea.
The temperature profile shows some layering, which 
can result in the trapping of plumes from power plants 
and some other sources. A lapse rate of -0.92 °C/100 m 
is measured between 15 and 1970 m. A sharp 
temperature inversion is located at an altitude of 1970 m. 
The S 0 2 concentration below the temperature inversion 
layer was nearly constant and very low, with an average 
of 2.8 ppb. The 0 3 profile shows a steady increase from 
35 ppb at 15 m to 45 ppb at 1400 m. Between 1400 m 
and 2000 m, a slight decrease of the 0 3 concentration 
can be observed.
Flight 12. The profile measurements of flight 12, 
carried out under a southwesterly wind, illustrate the 
capture of pollutants underneath a low-altitude radiative 
inversion layer (Fig. 5). The temperature profile shows a 
narrow, stable, almost isothermal layer at an altitude of
around 350 m. A sharp subsidence inversion is found at 
950 m.
The S 02 profile shows a maximum concentration of 
50 to 60 ppb at sea level, decreasing very rapidly to less 
than 5 ppb at 500 m. At 350 m, a small S 0 2 peak of 40 
ppb can be observed.
The 0 3 profile shows opposite behavior. The sea- 
level 0 3 concentration is less than 10 ppb, increasing 
rapidly to 40 ppb at 500 m. Above this altitude, the 0 3 
concentration remains 40 ppb.
Flight 15. The profile measurements performed 
during flight 15, with the air masses coming from the 
eastern sector, are an example of trapping of pollutants 
under a subsidence inversion (Fig. 6). The temperature 
profile shows some layering (probably due to the 
capture of pollutants) and a subsidence inversion layer 
between 1040 m and 1190 m. The S 0 2 concentration 
below 1040 m is quite constant (15 to 17 ppb). In the 
inversion layer a sharp S 0 2 peak of 26 ppb is observed.
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Above 1190 m, the S 0 2 concentration decreases very 
rapidly to 10 ppb.
The 0 3 profile is also very constant below 1040 m, 
with concentrations from 25 to 30 ppb. At the inversion 
layer, a sharp increase of the 0 3 concentration up to 45 
to 50 ppb occurs.
Temperature profile
0 3 profile
Fig. 4. Temperature, S02, and 0 3 profiles during flight 6.
Flight 16. Besides a radiative inversion layer between 
sea level and 450 m and a subsidence inversion layer bet­
ween 2350 and 2450 m, the temperature profile of flight 
16 (east wind sector) yields a lapse rate of -0.86 °C per 
100 m, which results in a neutral atmosphere that does 
not allow good mixing of pollutants (Fig. 7). Here, the
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multilayer structure of the atmosphere is displayed, as 
was the case during flights 6 and 15.
The SO, profile indicates a minimum level of 20 ppb 
between the two inversion layers. Superimposed on this 
minimum concentration, several high S 02 peaks can be 
located: 60 ppb at 620 m, 115 ppb at 940 m, and 95 ppb
Temperature profile
Temperature (°C) 
S02 profile
O,(ppb)
at 1140 m. The presence of several sharp S 02 peaks and 
also opposite behavior of S 02 and 0 3 represent typical 
plume pollutant dispersion.
The fact that the S 0 2 concentration above the 
subsidence inversion layer and underneath the radiative 
inversion layer goes down rapidly from 20 ppb to 5 ppb
Temperature profile
S02 profile
0 3 profile
illustrates that all pollutants are trapped between the two 
inversion layers.
The O, profile of flight 16 shows a sharp increase in 
concentration from 35 ppb at sea level to 85-90 ppb at 
450 m. Between 450 m and 1500 m, a large gap at 940 m 
is present, corresponding to the high S02 concentration 
at that level. Between 1500 m and 2350 m, high 0 3 
concentrations of 90-100 ppb are present. These high 
levels are probably due to photochemical reactions 
involving pollutants such as hydrocarbons and nitrogen 
oxides, since above the subsidence inversion layer, 0 3 
levels decrease again to about 75 ppb.
Flight 17. A  low radiative inversion at 250 m and a 
subsidence inversion at 2200 m are illustrated in the 
temperature profile of flight 17, performed with easterly 
winds. According to Fig. 8, the measured lapse rate is 
-0.8°/100 m, which represents neutral atmospheric 
stability. The multilayer structure of the atmosphere 
may be affected by its instability upwind of sampling 
site or on a previous day. A sharp S 02 peak of 24 ppb is 
p resen t below the lower inversion, while S 0 2 
concentrations between the two inversion layers show a 
rather uniform profile.
The 0 3 profile indicates an increase in 0 3 levels from 
40 ppb at 250 m to 115 ppb at 2200 m. Above the 
subsidence inversion, the 0 3 levels decrease to 80 ppb, 
indicating that the high 0 3 concentrations between the 
two inversion layers are due to photochemical smog 
formation.
Flight 21. The temperature profile of flight 21 
(variable winds) illustrates a twofold inversion layer at 
low altitude (one at 200 m and one at 370 m), a neutral 
atmosphere with a lapse rate of -0.85 °C per 100 m 
between 430 and 1160 m, and an isothermal layer 
between 1160 and 1480 m (Fig. 9). The multilayer 
structure of atmosphere very possibly indicates the long­
distance transport of pollutants.
In the S 0 2 profile, two peak concentrations can be 
found corresponding to the twofold inversion layer at 
low altitude: 12 ppb at 150 to 210 m, and 8 ppb at 350 m. 
The stable layer traps two S 02 peaks at 810 m (9 ppb) 
and at 1050 m (10 ppb).
0 3 concentrations above 1550 m are about 40 ppb. In 
all three layers below this altitude, higher 0 3 levels 
indicate the presence of photochemical activity. In the 
isothermal layer, an 0 3 peak of 56 ppb is found at 1420
m. In the stable layer, two peak levels are measured at 
1030 m (95 ppb) and at 860 m (100 ppb). Two other 
peaks are located at the twofold low-altitude inversions: 
74 ppb at 400 m, and 68 ppb at 300 m.
Flight 23. During flight 23, two spiral tracks were 
performed at a different location with an interval of 37 
min (Fig. 10). The first track was flown at 51°95'N,
4°41'E (location A) and between 11.13 h and 11.18 h 
(October 17, 1989). The wind direction varied between 
220° and 260°.
The second spiral flight was flown much more 
easterly at position 51°84'N, 2°26'E (location B) and 
between 11.50 h and 11.56 h, on the same day. Doppler-
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radar-measured wind directions varied between 200° 
and 235°.
If we compare both temperature profiles we can see 
that during the first track, the temperature inversion layer 
is located between 590 and 900 m (Fig. 11). In the second 
track, this inversion layer is located between 720 and
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950 m, and a second inversion has been formed between 
340 and 440 m (Fig. 12). This inversion layer could be a 
frontal inversion formed by the interaction of two air 
masses with different meteorological characteristics.
The S 02 profiles are quite different. The first profile 
shows a sharp decrease in S 0 2 concentration with 
altitude, while the second profile shows a very sharp 
S02 peak at 480 m (24 ppb). In the 0 3 profile, less 
variation is obvious.
AVERAGE S02 AND O, CONCENTRATIONS UNDER 
THE TEMPERATURE INVERSION LAYER
S 0 2 a n d  0 3 C oncentra tions as a  F unction  o f  W ind  
D irection
Table 3 lists the average S 0 2 and O, concentration 
for the different wind sectors. The average S 0 2 
concen-tration for all flights, below the temperature 
inversion layer, equals 10.0 ppb. For individual flights, 
the average S02 concentration varies from 1.9 ppb for 
flight 18 to 19.5 ppb for flight 13. Although important 
variations are observed within each wind sector, the 
average S 02 concentration per wind sector indicates 
that similar concentrations are found for the NE-E and 
the SW-W sectors. The NW-N sector yields much 
lower concentrations, while the SE-S and the variable 
wind sectors show higher average SO, concentrations 
(Table 3). Air masses originating from the SW-W 
sector are influenced by emissions from the United 
Kingdom and the northwestern part of France, and, to 
some extent, by the north Atlantic Ocean and the 
English Channel. The NW-N wind sector can be 
identified as without any continental influence, and the 
obtained S 02 values can be considered as representative 
for the North Sea atmosphere background. Results for 
the NE-E sector are related to emissions in Belgium, 
the Netherlands, the central and northern part of 
Germany, Eastern European countries, the Baltic Sea, 
and Scandinavian countries. F inally , S 0 2 
concentrations measured in the air-masses originating 
from the SE-E sector result from emissions in 
Belgium, the northern part of France, and the southern 
part of Germany.
The average 0 3 concentration below the temperature 
inversion layer, measured over 18 flights, equals 46 ppb. 
The lowest concentration (8 ppb) was measured during 
flight 9, while the highest concentration was observed 
during flight 17 (96 ppb). Three wind sectors (SW-W, 
NW-N, and variable) yield similar 0 3 concentrations: 
46, 43, and 40 ppb, respectively. For the SE-S sector, 
the average 0 3 concentration is a factor of 2 lower 
(22 ppb), while for the NE-E sector, a relatively high O, 
concentration of 66 ppb is observed.
S ea so n a l In flu en ce  in S 0 2 a n d  0 } C oncentra tions  
Figure 13 plots the average S 0 2 and 0 3 concentra­
tions below the temperature inversion layer as a 
function o f the flight number. Flights 2 to 6 were 
performed between September and October 1988, 
flights 7 to 15 between November 1988 and April
1989, and flights ,17 to 22 between May 1989 and 
August 1989. The 0 3 concentration shows a clear 
seasonal dependence. All flights from 7 to 15 (winter 
period) yield 0 3 concentrations below 40 ppb, while 
all other flights show show 0 3 concentrations above 40  
ppb.
Fig. 10. Sampling points (spiral track A and B) and 36 h backward air mass trajectories (1 = 1000 mbar, 2 -  925 mbar, 3 -  850 
mbar, and 4 = 700 mbar) for flight 23.
Although the S 0 2 concentrations are generally 
anticorrelated with the 0 3 concentrations, no obvious 
seasonal trend can be observed for SOr It seems that 
SO, concentrations are primarily dependent on the wind 
direction, and O, concentrations are rather dependent on 
the season.
Temperature profile
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0 3 profile
Fig. 11. Temperature, S02, and 0 3 profiles during flight 23, 
track A.
RELATION BETWEEN S02 AND TRACE METALS
Figure 14 shows average S 0 2 concentrations and trace 
metal concentrations below the temperature inversion 
layer as a function of the flight number. Generally 
speaking, similar trends can be found although some 
exceptions are obvious.
Temperature profile
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Fig. 12. Temperature, S02, and O, profiles during flight 23, 
track B.
Table 3. Average S02 and 0 3 concentrations below the 
temperature inversion layer for different wind sectors (rel. 
error is around 1.5%)
S02 (ppb) 0 , (ppb)
Southwest-West
Flight 2 9.1 75
Flight 3 10.5 45
Flight 11 9.5 22
Flight 12 7.3 26
Flight 22 4.8 62
Northwest-North
Flight 6 2.8 43
Northeast-East
Flight 5 7.8 50
Flight 15 11.7 38
Flight 17 12.4 96
Flight 18 2.8 70
Flight 19 7.4 76
Southeast-South
Flight 7 14.5 20
Flight 8 11.5 13
Flight 13 19.5 34
Variable
Flight 4 1.9 50
Flight 9 15.2 8
Flight 14 14.7 35
Flight 21 16.3 66
Averages
Southwest-West 8.2 46
Northwest-North 2.8 43
Northeast-East 8.4 66
Southeast-South 15.2 22
Variable 12.0 40
All sectors 10.0 46
Fig. 13. Average S02 and 0 3 concentrations below the 
temperature inversion layer as a function of the flight number.
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Fig. 14. (a) Cd, (b) Cu, (c) Pb, and (d) Zn concentrations vs. 
S02 concentration: average values under the temperature 
inversion layer as a function of the flight number.
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Table 4. S02 and 0 3 values (ppb) reported for different regions in the world — 
comparison with our data
Location S02 (ppb) Period Reference
Brussels (100 km from 17 1990-1991 (8)
southern North Sea)
Ostende 9 1990-1991 (8)
(Belgian coast)
The Netherlands 5 1991 (6)
(coastal countryside)
Western North Atlantic: 
US Coast
Bermuda 1 1986 (9)
North Sea 2-4 1990 (6)
Northwest England 6 1982 (10)
North Sea-Southern Bight 10 1988-1989 This work
Location 0 } (ppb) Period Reference
Southwest France
(pine forest) 42 1984 (ID
North Pacific 40 1989 (12)
The Netherlands 20 1991 (6)
(countryside)
Northwest England 32 1982 (10)
North Sea-Southem Bight 46 1988-1989 This work
CONCLUSION
During 18 sampling flights over the Southern Bight of 
the North Sea, S 0 2 and 0 3 concentrations were 
measured in the lower troposphere.
Average S 0 2 concentrations below the temperature 
inversion layer ranged from 1.9 to 19.5 ppb. For the 
NE-E and the SW-W wind sectors, the average S 0 2 
concentrations were very similar: 8.4 and 8.2 ppb, 
respectively. The NW-N sector yielded a much lower 
average concentration of 2.8 ppb S 02, while the SE-S 
and the variable sectors showed higher average S 02 
concentrations of 15.2 and 12.0 ppb, respectively.
The average 0 3 concentration, measured over all 
flights, was 46 ppb, ranging from 8 to 96 ppb. Low 0 3 
concentrations illustrate 0 3 depletion through reaction 
with freshly emitted pollutants, while high O levels 
reflect photochemical activity due to automotive 
emissions. The SW-W, NW-N, and variable wind 
sectors showed similar average 0 3 concentrations of 46, 
43, and 40 ppb, respectively. For the SE-S sector, the 
average 0 3 concentration was two times lower (22 ppb), 
while the NE-E sector yielded a high average of 66 ppb. 
In Table 4, our results are compared with some recently 
published values.
0 3 concentrations seem to be primarily dependent on 
seasonal influence, while S 02 levels are more dictated 
by the history of the sampled air mass.
Although S02 and trace metal levels show similar 
trends, some differences are obvious. The highest S 02 
concentrations (just like the highest trace metal levels) 
are found at altitudes of between 100 and 200 m. The 
average 0 3 profile shows an increase from 30-40 ppb at 
sea level to 60-70 ppb at altitudes above 1000 m. 
Individual S02 and 0 3 profile measurements clearly 
illustrate the high variability in vertical concentration 
distributions.
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Abstract A literature review of the atmospheric concentration rates and dry and wet deposition 
fluxes of particulate Cd, Cr, Cu, Pb and Zn to the North Sea and adjacent areas is given. The results 
of direct measurements of dry and wet deposition fluxes are compared to indirect estimates and 
to modelling values. This work points out the large uncertainties in results of different studies on 
atmospheric input of trace elements into the North Sea. The current knowledge about the dependence 
of the deposition velocity upon the particle size and about the processes controlling wet deposition 
fluxes, and the quality and completeness of the emission data are still inadequate for describing the 
environmental cycle and impact of heavy metals in the North Sea.
Key words: Heavy metals, concentration, deposition. North Sea, troposphere.
1. Introduction
At present, there is much discussion on the sources and abatement policies o f  
pollution to the sea. Atmospheric transport and deposition o f  pollutants over long 
distances have received much attention, particularly in connection with the acid 
rain problem, the formation o f photochemical oxidants and ozone, and the global 
climatic effects. It is only relatively recently that it has become possible to esti­
mate the amounts o f  material entering the oceans via the atmosphere. Though the 
pollution o f  the oceans is not a new phenomenon, the question o f how important 
a role the atmosphere plays in this was addressed only a decade ago (N A S, 1978). 
As the calculations have becom e less crude, the atmospheric route seem s to have 
gained in importance relative to the other paths, like those borne by rivers and 
direct discharges.
Still, quantitative data on heavy metal em issions, their concentration levels in air 
and their accumulation and transfer in the North Sea ecosystem  have not been sys­
tematically gathered and intercompared hitherto. There are various sources which 
emit trace metals into the atmosphere, i.e. man-made pollution, aerosol formation 
from sea-spray, volcanic activity, vegetation and soil erosion. The concentrations o f  
anthropogenic pollutants in the atmosphere are mainly due to the volatility o f  these 
elements at the high temperatures o f  fossil fuel combustion, and many other high- 
temperature industrial processes, particularly the extraction o f non-ferrous metals
T A B L E  I. Comparison of the 1982 survey of trace element emission by Pacyna 
(1987) with national emission data (tons y _ l ) for countries bordering the North 
Sea
Country Cd As Pb Zn Reference
U .K. 31 117 8610 2230 Pacyna, 1987
14 315 7590 Hutton and 
Symon, 1986
Belgium 12 85 2100 700 Pacyna, 1987
22 *“ 2380 1090 Van Jaarsveld 
et a l., 1986
The Netherlands 5.5 34 2200 290 Pacyna, 1987
3.8 — ~ — Kendall et a l ,  
1985
Germany 80 350 5560 6660 Pacyna, 1987
79* 500 7590 10000 *Schladot and 
Nürnberg, 1982 
Braun et a i ,  1984
Denmark 6.3 7 650 130 Pacyna, 1987
5 - - - Murkheije, 1986
Sweden 16 183 1053 426 Pacyna, 1987
12 130 950 1200 Naturvardsverket,
1982
Norway 2.1 41 730 120 Pacyna, 1987
1.7 -2 .7 Naturvardsverket,
1982
from sulphides. Among other industrial sources, waste incineration is becoming 
increasingly important, particularly in Western Europe, because of the emissions 
of Cd, Pb and other trace elements and a need to incinerate increasing amounts of 
wastes. A first preliminary review of the atmospheric emissions of various trace 
elements from anthropogenic sources in Europe, for 1979/1980, was provided by 
Pacyna (1983). The earlier surveys were concerned with either a single metal (van 
Enk, 1980; Hutton, 1982) or certain types of emission sources, e.g. fossil fuel com­
bustion. As such, they were very valuable for control strategies, but less applicable 
for modelling of the long-range transport of air pollutants and their migration. The 
survey of Pacyna has more recently been updated and improved. In Table I, the 
estimates of Pacyna ( 1987) of trace element emissions from all sources in countries 
bordering the North Sea are compared with the countries’ own estimates. The for­
mer estimates are based on emission factors, calculated separately for each of the 
countries, on statistics on the consumption of raw materials and on the production 
of various industrial goods in 1982.
2. Data on Trace Metal Concentrations in Air
There is quite a detailed data base of concentration measurements for trace metals 
in aerosols over the European regional seas (GESAMP, 1989). Table II gives an 
overview of literature values for the particulate Cd, Cr, Cu, Pb and Zn concentra­
tions in the marine troposphere over the North Sea and adjacent areas. The data 
set covers a relatively long time period, of about 20 years. The oldest data, sup­
plied by Peirson et al. (1973), Kretzschmar and Cosemans (1979) and Van Aalst 
et al. (1983) (who give a list of concentrations measured between 1974 and 1981 
at coastal stations in Great Britain, Belgium and The Netherlands), are general­
ly higher than the other reported values in Table II. The less accurate collection 
procedures and the precision of measurements in those days may be one reason, 
but these values were also obtained from coastal or even inland measurements, i.e. 
closer to the emission sources. Van Daalen (1991) measured the concentrations 
over the province of South-Holland in the Netherlands and although his sampling 
sites were not very far removed from the North Sea coast, his data show clearly 
high concentrations. The rest of the coastal values in Table II seem to agree very 
well with the exception of the Belgian ones from Ostende, due to very high con­
centrations measured in the continental air masses (factor 2 to 5 higher compared 
to the values for the eastern and western air-masses). Although not explicitly North 
Sea coastal measurements, the data collected by Flament et al. (1987) at the French 
coast in the Channel and those reported by Schneider (1987) in the Kiel Bight offer 
a good basis for intercomparison of results.
In contrast with measurements performed at coastal stations around the North 
Sea, much less data are available for samples taken on the North Sea itself. Results 
from the West Hinder light-ship station (51°23' N, 2°21' W) located off the Belgian 
coast were reported by Baeyens and Dedeurwaerder(1991), Dedeurwaerder (1988) 
and ATMOS (1984). The West-Hinder results are generally higher than comparable 
ones for the southern North Sea. One possible explanation is that ship West-Hinder 
is only separated from the coastline by a relatively small distance and is located 
at a very dense traffic channel (100 ships per day) on the North Sea. Values 
reported by Ottley and Harrison (1993) are broadly comparable to previously 
published values for metal concentrations in the North Sea atmosphere. The aircraft- 
measured values (Injuk et a i, 1992) agree well with those of cruises with the R/V 
Belgica (Otten et a i, 1989). Values reported by Otten etal. (1989), predominantly 
based on measurements done in the northern part of the North Sea, during north­
westerly winds, can be considered as background values for the North Sea area. 
A concentration gradient from the southern North Sea (high concentrations) to the 
northern part (low concentrations) is observed.
Under the Paris Convention, an international commission (PARCOM-ATMOS) 
has been established to assess the state of the marine environment and formulate 
the policy to eliminate or reduce existing pollution. With regard to atmospheric 
pollution, a dual approach has been proposed: A monitoring programme at a num-
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ber of coastal stations and a modelling programme for which an emission database 
is being set up. The monitoring programme of PARCOM-ATMOS includes mea­
suring concentrations in precipitation of Pb, Cd, Cu, Zn, Cr, Hg, Ni, NH^ and 
NOj" and some of these species in air. In Tables III and IV, the basic description of 
the stations monitoring heavy metals in air and in precipitation and annual mean 
aerosol concentration values are given. From the summarized results in Table IV, 
it is obvious that only data from the Belgian stations (B1 and B2b) are not compa­
rable with the others, due to high values for Cu, Ni, Pb and Zn. But these results 
agree well with reported ones for the same region by Kretzschmar and Cosemans
(1979), indicating a high level of pollution for this region, or unrepresentative 
sampling. In Figure 1, the North Sea area with the stations which take part in the 
PARCOM-ATMOS monitoring program is given.
3. The Atmospheric Input of Trace Elements to the North Sea
For many years, research on pollution of the North Sea marine environment has 
focused on the most obvious inputs, those borne by rivers and direct discharges of 
wastes. In the work of Goldberg (1973) and Cambray etal. (1975), a first indication 
can be found that the atmospheric input might also be a significant contributor of 
trace elements to the North Sea. The first major studies of the deposition of heavy 
metals from the atmosphere started in the United Kingdom in the beginning of the 
1970’s (Cawse, 1974). The concentrations of some 40 elements were determined 
in dry and wet deposition at seven non-urban sites, while the water soluble and 
insoluble fractions of the total deposition were analyzed separately. At the same 
time, analyses of the deposition of heavy metals were made in Norway (Breekke, 
1976), in the USA (Andren etal., 1975; Feely etal., 1976) and in the FRG (Ruppert, 
1975). The routine monitoring of trace elements in precipitation began in Sweden 
in 1983 (Ross, 1987) with the aim to determine the atmospheric wet deposition of 
Cd, Cu, Fe, Mn, Pb and Zn.
Van Aalst et al. ( 1983) employed a simple model to assess the long-term average 
concentrations of various elements in the sea, and to determine the atmospheric 
input of a large group of contaminants into the North Sea. They have compared their 
results with information on the other inputs into the North Sea and concluded that 
atmospheric deposition was a relatively important source of contamination with 
Cu, Pb, Ni and Zn, and to a lesser extent with Cd and Cr. A first international attempt 
to estimate the input of various elements to the sea by atmospheric deposition and 
via other pathways was made by a European group of experts on behalf of the 
International Council for the Exploration of the Sea (ICES, 1978).
Since trace elements are removed from the atmosphere by dry deposition (sed­
imentation, interception and impaction) and by wet deposition (rainout, washout), 
the literature overview concerning both processes is given separately below.
T A B L E  III. Coastal measuring stations participating in Paris Commission Comprehensive Atmo­
spheric Monitoring Programme (CAM P)
Number
country
Name Latitude
longitude
Elevation Distance 
from the 
sea
Parameters
measured
B I
Belgium
Houtem 5 1 ° 01 '  N 
2 °3 5 ' E
sea level 9 km Pb, Zn 
in air
B2b
Belgium
Bredene 5 1 °  14' N 
2 °5 7 ' E
<  10 m 2 km C u ,N i,P b ,Z n  
in air
B3a
Belgium
Brugge 5 1 °  15' N 
3 ° 1 1 ' E
10 m 8 km Cd, Cu, Pb, Zn 
in precipitation
G B 1
Great Britain
East Ruston 52° 48' N 
T 2 8 ' E
5 m 8 km Cd, Cr, Cu, Ni, Pb, Zn 
in air
Cd, As, C r,C u ,N i,P b ,Z n  
in precipitation
G B2
Great Britain
Staxton Wold 54° 11' N 
0°26' W
170 m 10 km C d ,C r,C u , N i,P b ,Z n  
in air
Cd, As, Cr, Cu, N i, Pb, Zn  
in precipitation
G B 3
Great Britain
Banchory 57° 5' N 
2 ° 32' W
120 m 26.5 km Cd, Cr, Cu, Ni, Pb, Zn 
in air
Cd, As, Cr, Cu, Ni, Pb, Zn  
in precipitation
D K 1
Denmark
Ulborg 56° 17' N 
8° 26' E
40 m 20 km Cd, As, Cr, Cu, Ni, Pb, Zn  
in air
Cd, Cu, Pb, Zn 
in precipitation
D1
Germany
Westerland 54° 53' N 
8° 19' E
5 m 2 km Cd, Cu, Pb 
in air
Cd, As, Cr, Cu, Ni, Pb, Zn  
in precipitation
N L3
The Nether­
lands
Kollumerwaard 53° 20' N  
6° 16' E
0 -5  m 10 km Cd, As, Pb, Zn 
in air
Cd, C u ,N i,P b ,Z n  
in precipitation
N L2
The Nether­
lands
Leiduin 52 ° 20' N 
4° 35' E
0 -5  m 6.3 km Cd, Cr, Cu, Ni, Pb, Zn 
in precipitation
N1
Norway
Birkenes 58° 23' N 
8 ° 1 5 ' E
190m 20 km Cd; Pb, Zn  
in precipitation
N3
Norway
Lista 58°06' N 
6 ° 34' E
13 m Cd, Cr, Cu, N i, Pb, Zn 
in precipitation
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T A B L E  IV. An overview of the data submitted to PARCO M -ATM O S as 
regards elemental concentrations (ng m- 3 ) in aerosols for 1988, 1989, 1990 
and 1991, measured at ‘C A M P ’ stations (ATM OS, 1990; ATM OS. 1991; 
ATM OS. 1992)
Station Period Cd As Cr Cu Ni Pb Zn
B1 ’90 — - - - - 104 351
B2b ’89 - - - - - 112 150
'91 - - - 23 15 86 222
DK1 ’88 0.3 1.6 2.3 1.2 1.9 19.2 23.7
’89 0.3 - 1.0 2.29 1.66 21.8 25.8
’90 - - 1.48 1.6 1.7 17 24
’91 - - 2.5 2.3 2 17 23
D1 ’88 0.4 - - 3.4 - 23.3 -
’89 0.42 - - 2.69 - 20.4 -
’90 0.30 - - 3.10 - 17.3 -
’91 0.36 - - 1.5 - 18 -
NL3 ’90 0.33 0.78 - - - 27 52
’91 0.4 1.48 - - - 30.2 51
GB1 ’88 0.5 - 0.7 3.7 2.0 35.4 27.7
’89 0.43 - 0.82 3.85 2.30 31.3 27.5
’90 0.33 - 0.65 2.77 1.75 21 23
’91 0.66 - 0.72 3.36 3.27 26.1 73.9
GB2 ’88 0.5 - 1.2 4.6 3.1 22.3 111.3
’89 0.64 - 1.33 3.62 2.5 27.2 59
’91 1.9 - 0.79 3.06 2.36 17 50.7
GB3 ’88 0.1 - 0.2 0.9 0.5 7.9 8.3
’89 0.12 - 0.31 1.24 0.74 7.6 7.3
’90 0.13 - 1.19 1.97 2.60 6.8 16.2
’91 0.12 - 0.3 1.58 0.81 7.02 10.5
3.1. DRY DEPOSITION FLUXES TO THE NORTH SEA
Dry deposition of particles to the sea surface is the sum of all physical removal 
processes that take place when there is no form of precipitation (rain, snow or hail), 
such as gravitational settling, turbulent diffusion, Brownian diffusion or impaction. 
In general terms it can be stated that small particles (< 0.1 fim) are removed mainly 
by Brownian diffusion and large particles (> 10 fim) by gravitational settling. In 
the intermediate size range, impaction and interception are important. The loss of 
particles to the sea surface is frequently described in terms of a dry deposition 
velocity, which is the ratio between the deposition rate per unit area, and the ambi­
ent concentration. The dry deposition velocity of particles is strongly dependent on 
particle size, wind velocity and surface characteristics. Both theoretical considera-
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Fig. 1. The North Sea area with the stations which take part in the PARCOM Comprehensive 
Atmospheric Monitoring Programme (CAMP) -  so called ‘Central North Sea Stations'.
tions and field experiments show that the deposition velocity is small for particles 
with aerodynamic diameter less than 1 /zm, typically of the order of 0.1 c m s '1, 
while for the large particles it reaches a value of a few c m s" 1.
Transport fluxes across the air-sea interface can be determined by theoretical 
or semi-empirical relations (Sehmel and Hodgson, 1978; Slinn and Slinn, 1980; 
Williams, 1982; Friedlander et al., 1986; Main and Friedlander, 1990). Dry depo­
sition velocities can also be evaluated by direct measurements of actual dry fluxes 
and particle concentrations in the air. Although the performance characteristics 
of air sampling equipment is quite well known, the properties of dry deposition 
collectors, as well as the structure of the laminar boundary layer above the collector 
and the collection efficiency still remain uncertain. It is still not clear how compa­
rable the deposition to the surrogate surface is with the deposition to the natural 
sea surface. Another practical limitation, in case the deposited mass is measured, is 
that the results are strongly affected by the deposition of only a few large particles. 
Since the gravitational settling velocity is roughly proportional to the square of the 
particle diameter and the particle mass is proportional to the cube of the particle 
diameter, the deposited mass is a function of diameter to the 5th power. As a first 
approximation, a single 10 pm particle will therefore contribute as much to the 
total deposited mass as 100,000 particles of 1 pm. This makes direct measurements 
of the dry deposition velocity extremely difficult.
Only a few experimentalists have tried to measure directly the dry deposition 
of trace metals to the North Sea. Cambray et al. (1975) used a Whatman 541 
cellulose filter, which was placed on a gas platform (53°5' N, 2°21' E). Samples 
were collected on a monthly basis. The high values found were explained by the 
authors as due to the possible contamination by resuspended sea water or by the 
platform itself.
Baeyens et al. (1990) measured dry deposition fluxes in a direct way with 
vasilinated plexiglass plates, in 14-days exposed intervals. Sampling was carried 
out throughout one year, at the West-Hinder lightvessel and during several cruises 
on the North Sea with the R/V Mechelen and the R/V Belgica. The collector plates 
were used horizontally and vertically. Directly measured dry deposition values 
were compared with the fluxes calculated by the adopted model of Slinn and Slinn
(1980) and from a large set of in situ measured particle size distributions and 
their elemental concentrations. Despite the large uncertainties on the calculated 
dry deposition fluxes, results generally agree fairly well for both methods. The 
collection surfaces provide higher values, except for Mn and K, while the largest 
difference between both methods was observed for Pb (by a factor of 2.3).
Estimated dry deposition fluxes at the west coast of Sweden by Selin et al. 
(1992) were derived from trace element concentrations in the air in the winter of 
1990 and from experimentally obtained deposition velocities.
Aircraft-based aerosol sampling in the lower troposphere was performed be­
tween September 1988 and October 1989 (Rojas et a i, 1993), above the Southern 
Bight of the North Sea. The dry deposition fluxes of Cd, Cu, Pb and Zn were 
calculated from size-differentiated atmospheric concentrations as a function of 
wind direction and dry deposition velocities obtained with the Slinn and Slinn 
model.
The dry deposition fluxes reported by Kriews (1992) are based on arithmetic 
mean values of atmospheric elemental concentrations, measured at Helgoland while 
for Cu, Pb and Zn, this percentage corresponds to 95, 96 and 97%, respectively.
For the same North Sea area, Baeyens et a i (1990) concluded that the first stages 
of their cascade impactor, i.e. particles larger than 4 /im, were responsible for 82% 
of the deposition of Pb. In the Mediterranean Sea, Dulac etal. (1989) reported that 
only 20% of the total deposition of Cd and Pb is accounted for by particles with 
sizes larger than 7 fnn.
3 .2 . W ET D EPO SITIO N  F LU X E S  TO  T H E  NO RTH SEA
Wet deposition is the combination of rainout (in-cloud scavenging of particles) 
and washout (below-cloud scavenging of particles). Capture of particles by cloud 
droplets does not automatically lead to removal of the particles from the atmo­
sphere, since cloud droplets may evaporate on their way to the earth’s surface. This 
merely results in redistribution of the aerosol.
The amount of micropollutants which is deposited to the oceans over a certain 
period of time can be determined either directly or indirectly (Struyf and Van 
Grieken, 1993). In the direct way the wet atmospheric fluxes are determined by 
collecting rainwater in rain collectors over a certain period of time and measuring 
the concentrations of the substances involved. For particles, the annual wet flux 
Fw can be calculated with the following formula:
or the flux Fw is the sum over all individual rain events i of the product of the 
concentrations in rainwater (Ci) times the amount of precipitation per unit area and 
time (Pi). The above equation is usually approximated as follows:
Fw =  CP.
where C is the average rainwater concentration and P  the yearly precipitation 
rate. However, there are some major difficulties arising from determination of the 
wet deposition to the sea surface directly. Practically, collection of atmospheric 
material by rain water samplers should be avoided during dry periods (Ruijgrok 
et a i, 1990), (54° 10' N, 7°53' E) in the period from 1986-1990, and deposition 
velocities following from the Slinn and Slinn model.
Atmospheric fluxes reported by ATMOS (1992) are based on mean aerosol 
concentration values measured at all the CAMP stations monitoring heavy metals 
in air during ’88, ’89, ’90 and ’91 and dry deposition velocities of 0.1 cm s-1 
(Table V). However, the latter value is far from being generally accepted.
Estimated dry deposition fluxes by Ottley and Harrison (1993) are based upon 
data collected on 10 research cruises in 1988-89. A cascade impactor designed to 
collect efficiently size segregated aerosols, has produced detailed size distributions 
from which mass weighted deposition velocities were derived, followed by dry 
deposition flux estimates.
As seen in Table VI, published dry deposition fluxes of heavy metals to the 
North Sea show significant variations. In Table VII the dry deposition velocities,
F w =  £ C ; P i ,
T A B L E  V. The annual mean aerosol concentration (ng m~ 3) and estimated 
dry deposition fluxes (kg km-2  y - 1 ) based on measurements at ‘C A M P ’ 
stations (ATM OS, 1992)
Period Param. Cd As Cr Cu Ni Pb Zn
'88 cone. 0.36 1.6 1.1 2.76 1.87 21.6 42.7
flux 0.01 0.05 0.04 0.09 0.06 0.73 1.45
'89 cone. 0.38 - 0.87 2.7 1.8 21.6 29.9
flux 0.01 - 0.03 0.09 0.06 0.68 095
‘90 cone. 0.27 0.78 1.1 2.4 2.0 32.2 93.2
flux 0.01 0.03 0.03 0.07 0.06 1.0 3.0
'91 cone. 0.58 1.14 1.24 5.09 4.01 25.5 62.2
flux 0.02 0.04 0.04 0.16 0.13 0.80 1.96
used by different authors for estimation of the dry deposition fluxes above the 
North Sea, are given. Considering the complex interaction of processes involved 
in particle deposition it is, perhaps, not surprising that inconsistencies have been 
evident in the reported research. Some of these inconsistencies are likely to indicate 
a real variability in environmental influences since an important number of factors 
influence the dry deposition processes. Meteorological data such as friction veloc­
ity, the aerodynamic surface roughness and the atmospheric stability are related to 
the deposition of particles. Humidity gradients and rainfall characteristics all affect 
the deposition of particles too. Furthermore, pollutant properties which vary with 
temperature, humidity and electrostatic gradients at the sea surface will result in a 
variation of the deposition characteristics of particles.
The main subject of discrepancy in the results concerning dry deposition veloc­
ities is due to the size distribution of the collected aerosols. Indeed, Van Aalst
(1988) states that dry deposition velocities might vary in the range between 0.1 
to 1 cm s-1 , and that most of this spread is caused by the lack of knowledge of 
the atmospheric particulate matter size distribution. Even though elements like Pb 
are more abundant in the sub-micrometer size range, these particles can coagulate 
with sea salt aerosols and reach super-micrometer dimensions. In order to give a 
quantitative idea on how important relatively large particles can be in the whole 
deposition process, Table VIII shows the percentage of the dry deposition flux 
accounted for by a given particle size class. Here only particle diameters larger 
than 1 /zm are tabulated since the contribution of the sub-micrometer particles 
can be considered as negligible (Rojas et a l, 1993). It is seen from this table that 
98% of the measured dry deposition velocity for Cd is accounted for by parti­
cles larger than 4 /zm so wet-only samplers need to be used. Additional problems 
include sea-spray and contamination or deterioration of the samples prior to or 
during analysis by material sampling and handling, particularly if one deals with 
trace amounts (Ross, 1984; Buijsman et a l, 1991). Also, the statistical relevance
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T A B L E  V III. Relative contribution of the 
particle size classes in the determination of 
dry deposition fluxes for the Southern Bight 
of the North Sea (Rojas et a l., 1993)
Contribution to the dry deposition in %
Diameter (/zm) Cd Cu Pb Zn
1 -2 1.1 1.5 1.1 0.4
2 -4 0.4 3.1 1.4 1.7
4-8 2.2 6.3 14 11
8 -16 50 5.7 39 27
> 1 6 46 83 43 59
of such direct measurements is doubtful. Firstly, precipitation is a discontinuous 
process and secondly, there is a natural variability of the concentrations of trace 
substances in precipitation. This means that a large number of rain events must be 
covered before meaningful average wet fluxes can be obtained, which is expensive 
and time-consuming. Also, these measurements are very much determined by the 
sampling location and time, which is problematic if one wants to investigate the 
deposition over a larger area and over a considerable period of time (Smith, 1991). 
For this reason, indirect approaches are often preferred. The limited amount of 
directly measured data is then used to check the results of these indirect approach­
es. For indirect measurements, the wet deposition flux of material to the ocean 
surface can be written as:
Fw =  W P C a,
where Ca is the concentration of the substance in air, P  is the yearly precipitation 
rate and W  is the washout ratio -  also called scavenging ratio -  which is the ratio 
of the concentration of a substance in rainwater to the concentration of the same 
substance in air (both concentrations measured in the same volume units, e.g. /zg 
m-3).
This equation can be modified in a number of ways. Some authors for instance, 
add the density of air p as an extra factor (GESAMP, 1989):
Fw =  W P C ap~l.
In this case the resulting washout ratios are temperature and pressure dependent 
and about a factor of 1200-1300 smaller. An alternative method to calculate the 
wet flux is the use of scavenging rates. This subject was extensively described by 
Slinn (1983).
3.2.1. Data on Precipitation
The existing estimates of surface precipitation (rain, snow, hail, . . .  ) over the 
seas and oceans are based on a very limited data set. A serious problem with the
measurement of precipitation, both on the ground and aloft, is its great variability 
in time and space. Moreover, the total amount of rainfall at any location can be 
a combination of a small number of very intense showers (of convective origin) 
together with comparatively extended periods of light rainfall from stratiform 
clouds. The overall contributions of these two kinds of precipitation are often 
comparable (Browning, 1990). Even for a relatively small area such as the North 
Sea, an accurate value for annual average rainfall is not available at present. It is, 
however, generally recognized that less rain falls over sea than over land (see e.g. 
Cambray et a i, 1979; Baeyens et a i, 1990). By measurements on a gas platform, 
the rainfall there was observed to be about 55% of that at land-based stations at 
similar latitude on either side of the North Sea (Cambray et a i, 1975). Taking this 
observation into account, a mean rainfall value of 438 mm per year was calculated 
for the North Sea on the basis of measurements of seventeen stations situated on 
adjacent land. This value was seen as a kind of ‘standard’ value. However, this 
value was adjusted to 475 mm annually on the basis of measurements at seven 
stations surrounding the North Sea (Cambray et a i, 1979). Van Aalst étal. (1983) 
disagree with Cambray’s value, claiming that the difference between the amount 
of precipitation on land and at sea is lower than assumed before. Baeyens et al. 
(1990) measured the yearly precipitation volume at the West-Hinder light vessel; 
the mean value, based on a period of two years, amounts to 430 mm per year. 
They also indicated that, in general, there is less precipitation above the sea. They 
found an average ratio West-Hinder/De Blankaert (a Belgian coastal station) of 
0.72 and a ratio of 0.60 for West-Hinder/all Belgian meteorological stations. Krell 
and Roeckner (1988) used a model to simulate the atmospheric input of Pb and 
Cd into the North Sea, and used yet another annual precipitation rate, namely 
558 mm.
According to Balls (1989), the uncertainty in the amount of rainfall is the 
most important single error source in flux estimations. It is obvious that more 
reliable values are urgently needed in order to be able to calculate more accurate 
wet deposition fluxes. In the future, space-based techniques for measuring global 
rainfall will provide us with data with a good resolution and accuracy. Radars 
and/or radiometers, installed on satellites, will be able to measure the instantaneous 
intensity of the rain or hail that is falling, from which an estimation can be made of 
how much rain has fallen in a particular area over a certain amount of time, and all 
of this will happen on a routine basis (Bowler, 1990; Kedem e ta l, 1990; Scofield, 
1991).
3.2.2. Concentrations in Precipitation
In Table IX an overview of data concerning measured precipitation concentrations 
over the North Sea and adjacent areas is given. It is obvious that the Swedish 
concentrations measured by Ross (1987 and 1990) are lower than those reported 
for The Netherlands (van Jaarsveld and Onderlinden, 1986; van Daalen, 1991).
The coastal values listed by van Aalst et al. ( 1983) show rather large variations, 
probably because they were obtained by different operators using other sampling 
methods at different sites and over other time intervals. However, the lowest values 
of these ranges agree very well with the concentrations measured at the North 
Sea coasts of Norway (Pacyna et al., 1984; S&TWG, 1987) and in Scotland 
(Balls, 1989). Ross (1987) observed that the concentrations in southern Sweden 
were higher and that the wet deposition fluxes were higher than the Swedish 
anthropogenic emissions, so a long range transport of the pollutants was postulated. 
Clearly, the southern North Sea concentration values included in Table IX are very 
high compared to the other values. The inconsistency of those mentioned in the 
GES AMP report ( 1989) is ascribed to sampling problems (e.g. not all measurements 
were wet-only) and difficult analysis associated with this kind of measurements. 
The concentration values reported for the rainwater collected at the West-Hinder 
station and during several cruises at the Southern Bight (Dedeurwaerder et a i, 
1985; Baeyens et al., 1990) are very high compared to other values, although the 
sampling was done only when precipitation occurred and precautions were taken 
to avoid contamination. The results of the ATMOS report (1984) point out that 
the heavy metal concentrations in rainwater above the sea are higher than above 
land. Cambray (1975) thought that this so-called ‘maritime effect’ was caused 
by bubble bursting processes, which bring aerosols coming from an enriched sea 
surface layer into the atmosphere. However, Balls (1989) concluded on the basis 
of measurements of the enrichment factor in surface water that this process is not 
a significant contributor to the ‘maritime effect’. Possible alternative processes are 
thought to be enhanced solubility of the metals above the sea due to ageing of the 
aerosols emitted by land based sources (ATMOS, 1984).
Trace metal concentrations in precipitation collected from ‘CAMP’ stations, 
around the North Sea (Table X) are quite variable from year to year, probably 
due to orographic effects. Also, they show much less consistency, undoubtedly 
because of the greater sampling and analytical problems associated with such 
measurements.
3.2.3. Estimated Wet Deposition Fluxes to the North Sea
As explained above the wet flux of trace metals can be estimated either directly 
or indirectly. In Table XI wet and total fluxes to the North Sea and its coasts are 
given. The results will depend on the area considered to constitute the North Sea 
and the value used for the annual precipitation rate are included, as well as on the 
method used (direct or indirect measurement).
It is very difficult to compare any data in the Table XI, because the authors 
used different rainfall rates and methods, and because both total fluxes and wet 
fluxes are listed. The estimated fluxes to the coast of southern Norway (S&TWG, 
1987) and of Scotland (Balls, 1989) are reported to be lower than the other coastal 
values. And for the North Sea itself, the West-Hinder values are either relatively
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T A B L E  X. An overview of the data submitted to ATM OS as regards elemen­
tal concentrations (/ig l- 1 ) in precipitation for 1988, 1989, 1990 and 1991. 
measured at ‘C A M P ' stations
Station Period Cd As Cr Cu Ni Pb Zn
B3A ‘91 0.1 - - 1.26 - 2.7 8.16
D K 1 ‘88 0.08 - - 1.4 - 4.2 12.1
‘89 0.10 0.45 0.46 1.1 0.45 3.93 15.58
‘90 0.10 - 0.28 0.99 0.50 2.73 9.10
‘91 - - 0. 17 1.42 0.35 2.72 1350
D1 ’ 89 0.25 0.21 0.52 2.89 3.34 4.24 11.39
'90 0.15 0.31 0.49 1.05 0.71 2.43 11.47
N L2 ‘88 0.19 - - 2.9 - 6.4 -
’ 89 0.12 - - 2.62 0.35 10.18 14.95
’90 0.16 - - 2.45 - 5.91 11.26
'91 0.16 - 0.40 2.97 0.51 6.41 14.52
N L3 ’90 0.16 - - 2.53 - 2.78 12.56
'91 0.13 - - 3.36 0.77 6.84 13.82
G B 1 OO OO 0.28 - - 3 - 8.7 16.1
’ 89 0.23 0.78 1.93 4.65 1.42 7.67 25.08
'90 0.40 0.70 0.75 2.00 1.46 4.93 16.8
'91 0.16 0.42 0.50 6.50 1.70 7.70 18.70
G B 2 ’88 0.58 - - 6.5 - 22.7 46.1
'89 0.57 1. 11 1.68 7.85 3.28 22.79 61.33
’90 0.36 1.10 1.04 3.52 2.66 10.65 33.45
’91 0.46 1.18 0.90 7.60 5.50 19.00 49.50
G B 3
OO00 0.20 - - 2.4 - 7.5 8.3
’89 0.13 0.59 0.68 3.06 1.31 5.25 9.66
’90 0.13 - 0.25 1.94 0.74 3.04 8.98
’91 0.14 0.26 0.30 4.30 0.70 4.00 8.10
N1 '88 0 . 1 1 - - - - 7.4 14.1
’89 0.11 - - - - 5.45 11.43
N3 '91 0.06 - 0.60 2.50 0.10 7.00 14.20
high (Baeyens et al. 1990) or very low (Dedeurwaerder et a i, 1985). Baeyens et 
al. (1990) reported that the wet flux to the North Sea is clearly higher than that at a 
Belgian coastal station. It should be noted that the input values reported by Rojas 
et al. (1993) are based on sampling flights and that they were calculated using 
scavenging rates.
As far as wet fluxes are concerned, the uncertainties are far from being known. 
The theoretical approach to wet deposition is rather crude in the sense that the
. •. >*' -
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mechanisms by which atmospheric particulate matter is scavenged by rain, are not 
yet fully understood. For indirect estimations of the wet flux, the washout ratio 
used in the calculations is of considerable importance. In Table XII some relatively 
recent values for trace metals are listed. They are again, very difficult to compare. 
The values used in the GESAMP(1989) report and by Rojas etal. (1993) are ‘best 
estimates’ based on published washout ratios for trace metals above the North Sea. 
In the ATMOS report (1984), it is stated that values for Cu, Zn and Cd above the 
sea are up to 5 times larger than above land.
To assess the environmental effect of the atmospheric input of heavy metals 
into the North Sea, it is important to know whether a distinction can be made 
between the amount of a certain trace metal that reaches the surface of the earth 
in a dissolved or in a particulate form. For instance, dissolved metals are much 
more readily available to be incorporated by organisms. Flament et al. (1984) 
investigated the metal distribution over the solid and liquid phases in rain at some 
French coastal sites. They found the following percentages of dissolved material: 
Pb (21-31%), Cd (53-78%), Cu (63-94%) and Zn (68-87%). Losno et al. (1988) 
observed that Zn partitioning is governed by adsorption/desorption processes on 
existing particles, which are pH dependent. Nevertheless, Colin etal. (1990) state 
that the nature of the particles is also important. Jickells etal. (1992) conclude that 
the solubility of an element is the result of the complex interplay of several factors 
and cannot be simply assigned to one factor such as pH.
3.3. T O T A L  D EPO SITIO N  F LU X E S  TO  T H E  NO RTH  SEA
The total amount of heavy metals deposited to the North Sea (5.25 x 105 km2) as 
reported by several authors, is given in Table XIII. The atmospheric flux reported 
in the ATMOS (1984) report is significantly higher than the other values, except 
for Pb. The range calculated by van Aalst et al. (1983) is also relatively high but 
the other total flux values agree fairly well. They were assessed at totally different 
points in time, with other methods and concentration measurements to start from 
(coastal precipitation vs. airborne concentrations), and even the area taken into 
consideration was different. The annual estimation of atmospheric fluxes reported 
by ATMOS are based on measurements during ’88, ’89, ’90 and ’91 at the so- 
called ‘Central North Sea stations’, but taking into account concentration gradients 
from land to sea due to removal processes or due to dilution. For each station a 
bulk gradient correction factor (defined as the ratio of the average deposition at a 
certain station to the average deposition over the total North Sea area) was derived 
from model calculations developed by RIVM (van Jaarsveld et al., 1986; van 
Jaarsveld et al., 1991). It is evident that, for a number of elements, the estimated 
depositions reported for ’91 (ATMOS, 1992) are higher than those calculated for 
’90 (ATMOS, 1991). The estimated increases in Pb (30%) and Cu (40%) are due 
to high concentrations at UK stations.
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If deposition to the total North Sea area is estimated from observations at 
coastal stations, one has to deal with the problem of how representative those 
observations are for larger areas, with respect to both precipitation amounts and 
measured concentrations. The first problem can be solved reasonably by using a 
precipitation which varies from year to year, i.e. by taking a precipitation amount 
which is 70% of the median precipitation of all the coastal stations. The second 
problem can be solved only when knowledge about atmospheric residence times 
is included in the method. A combined method based on observations and model 
calculations can therefore be expected to give the most realistic results.
As far as the relative importance of dry and wet deposition goes, most authors 
seem to agree on the fact that, for the trace metals, the wet flux is more important 
than the dry flux, except perhaps for Pb, where they may be of the same magnitude. 
However, on the extent of this difference, opinions vary very widely (Galloway et 
al., 1982; ATMOS, 1984; Schroeder et al., 1987; GESAMP, 1989; Martin et a i, 
1989; Baeyens et a i, 1990; Remoudaki et a i, 1991). Martin et a i (1989) remark 
that the ratio of wet to dry deposition is controlled by many meteorological factors 
and also by the distance between the sampling site and the emission source (see 
also Migon et a i,  1991; Remoudaki et a i, 1991).
Whenever the deposition of micropollutants to a water surface is estimated, 
attention should be paid to the reverse fluxes (from the water to the atmosphere) as 
well. According to the ATMOS report (1984), for which the heavy metal content 
in the sea surface microlayer was determined, the maximum water-to-air fluxes are 
at least 30 times smaller than the total input fluxes. The authors of the GESAMP
(1989) report state that, although the atmospheric concentrations of trace metals 
associated with large (resuspended) sea salt particles constitute only a minor frac­
tion of the total atmospheric concentration, this fraction may well account for a 
significant part of the gross dry deposition flux. This complicates the assessment 
of the ‘real’ deposition fluxes to the sea.
3.4. D EPO SITIO N  F L U X E S  B A SED  ON M O D EL C A LC U LA TIO N S
An alternative way of determining the deposition of micropollutants from the 
atmosphere to the sea involves atmospheric transport models. Basically, one uses 
emission data for a certain source area (e.g. Europe) in combination with a long 
range transport model (which requires a number of input data) to simulate the 
dispersion and deposition of a substance for a determined receptor area (e.g. the 
North Sea). Model calculations can provide independent estimates for atmospheric 
inputs which can be compared to input estimates from measurements. Moreover, 
the calculations may indicate the spatial variation of the deposition, and allow the 
evaluation of the representativeness of measurements at coastal stations. In this 
section the results of calculations performed using relatively recent models, which 
have been applied to the calculation of the total deposition of heavy metals to
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the North Sea, will be discussed and compared to the values obtained from field 
measurements.
3.4.1. Literature Data on the Deposition Fluxes Based on Model Calculations
In the 1980’s, van Aalst et al. (1983) employed a simple model to compare the 
long-term (ca. 1 year) average concentrations of various elements, and wet and dry 
deposition for an area of 1000 x 1000 km2 of the North Sea. The total air concen­
trations at the receptor site were calculated as the sum of the contributions from the 
different emission areas (the ‘cells’ of the emission grid) weighted by the probabil­
ity that the air masses would be carried down from that emission cell. Based on the 
mass-median diameters, a value of 0.1 to 1 cms~1 for the deposition velocities was 
used. The results showed good agreement between measurements and calculations. 
The data from this and other works (PARCOM, 1985) were reviewed by van Aalst 
and Pacyna (PARCOM, 1986) in order to assess the atmospheric inputs of trace 
elements to the North Sea.
A more advanced 3-dimensional trajectory model based on the Monte Carlo 
method has been employed to estimate the long range transport and deposition of Pb 
to the North Sea (Krell et a i, 1986). The emission data used were the numbers from 
Pacyna (1985). In 1988, Krell and Roeckner used a more sophisticated trajectory 
model to estimate the dry and wet deposition of Pb and Cd into the North Sea, via 
a long range transport model using gridded data of the respective anthropogenic 
emissions in Europe and the relevant meteorological data. The authors considered 
aerosols only in the size range from 0.2 to 1 pm  and a deposition velocity of 0.2 cm 
s-1 was used for all heavy metals. This model is particularly designed for episode 
studies. The model of GraBl et al. (1989) is very similar to the model of Krell and 
Roeckner.
The total annual atmospheric input of Pb to the North Sea was determined for 
all the months of 1980 to be ca. 1440 tons by Petersen (1987). A relatively large 
contribution on the order of 50% was estimated for the UK. The Netherlands, 
France and Germany contributed about 12% each, Belgium 5%, Sweden 1.5%, 
Denmark 1% and Norway even less. However, conclusions from this work should 
be taken with caution. The results are based only on a one year period, which shows 
a significant month-to-month variability of the deposition. More recently the same 
author estimated the annual input of Pb to be 2300 tons (Petersen et a i, 1988).
The TREND model was developed at the Dutch National Institute of Public 
Health and Environmental Protection in order to calculate long term averaged 
concentrations and depositions (van Jaarsveld et a i, 1986). It is a statistical long- 
range version of the Gaussian plume model, what means that the dispersion from 
a source is assumed to follow the prevailing wind direction and wind speed within 
a sector of 30% in the horizontal plane. The vertical dispersion is limited by the 
earth surface and the top of a mixing layer. Due to wet and dry deposition and 
chemical reactions, atmospheric concentrations decrease during the transport; this
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process is also taken into account. The model assumes homogeneous climatology 
and boundary characteristics over whole Europe. The occurring meteorological 
situations are grouped in a limited number of classes and the calculations are 
carried out separately for 5 size classes from < 0.95 /xm to > 20 /xm particles, each 
of which has its own deposition characteristics. For all heavy metals a deposition 
velocity of 0.22 cms- 1 was implemented. This model has been applied successfully 
to a period of a month, but even shorter periods yielded reasonable results.
The model of Warmenhoven et al. (1989) is, in fact, an elaborated version of 
the van Jaarsveld model, but instead of applying it to trace metals solely, a number 
of organic compounds like PAHs, PCBs, pesticides, etc. were also taken into 
consideration. The model assumes the same meteorology, surface characteristics 
and mass-averaged deposition velocities over the whole surface area.
The main problem concerning model based calculations is in estimating the 
emissions. Though, for some countries, there were explicit data on emissions of 
pollutants, generally the annual emissions from all countries have been estimated 
on the basis of industrial and agricultural activities within the countries. All the 
models used similar emission data as input to their model.
The total atmospheric input of some pollutants into the North Sea given by the 
above models is listed in Table XIV. Included is also the ‘best’ estimate defined as 
the value obtained when emissions are multiplied with the average ratio of mea- 
sured/modelled air concentration. It can be seen that there is a general agreement 
between the results of the different models. Taking into account that all models 
use more or less the same emission data, this agreement confirms the idea that the 
influence of the different model assumptions is not very large, at least not in the 
case of the total deposition into the North Sea.
For the reported trace elements, the model values are consistently lower than 
the values obtained from field measurement data in Table XIII. Krell and Roeckner 
(1988) claim that this discrepancy can be explained as follows: the extrapolation 
of coastal measurements, on which most deposition estimates up until 1988 were 
based, cannot be justified, because there is no reason to believe that the high 
precipitation intensities/volumes measured along the southern and western coasts 
are representative for the whole of the North Sea. The authors find a strong argument 
in the life-time of clouds which is not more than a few hours for the precipitating 
one: in this way, most of the pollutant material is likely to be washed out within 
about 100 km from the coast. Their model simulations (and those by van Jaarsveld 
et al. (1986)) reveal a substantial decrease of the deposition across the southern 
and western coasts. Van Jaarsveld et al. (1986) state that the discrepancy might 
partly be due to less accurate sampling and analysis of rainwater as well.
3.4.2. Validation o f the Models
Van Jaarsveld et al. (1986) note that there are some assumptions inherent to their 
model, which do not agree very well with reality. For instance, it is not correct to
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assume that transport and dispersion over sea are analogous to those over land. The 
stability over sea is mainly determined by the temperature difference between the 
air and the seawater, and shows hardly any diurnal variation. Also, in the coastal 
zone complicated transition phenomena occur, which are not accounted for in the 
model. However, the authors do not think that a more realistic model would yield 
largely different results.
Krell and Roeckner (1988) had difficulties in validating their model because of 
the lack of comparison material for the North Sea. Therefore, they were obliged to 
simulate air and precipitation concentrations at certain sites and for certain periods 
(e.g. a month) for which measurements were made, and their results agreed fairly 
well with the measured values.
Warmenhoven et a i (1989) estimate that the results concerning the heavy metal 
deposition are the most reliable ones. In general, the validity of this model is 
mainly governed by the quality of the emission data and the choice of the emission 
grid (because some materials are so stable in the atmosphere, that a much larger 
emission area should be taken into consideration). As a result of this, the real 
deposition of these elements should be higher than predicted by the model. Finally, 
the assumption that the North Sea is a well-mixed tank, without any inflow or 
outflow except from rivers (and the atmosphere), has an influence on the deposition 
estimates. In this concept it would be more realistic to include the dynamics of the 
North Sea in the model.
4. Relative Contribution of Atmospheric Deposition of Trace Metals to the
Total Input into the North Sea
Apart from atmospheric pollution, the North Sea is subject to a number of other 
sources of pollution as well: e.g. input via rivers, direct discharges from industries 
into the estuaries, dumping of industrial wastes and drainage of sewage (van Aalst 
et a i, 1983). It is very difficult to evaluate the relative importance of the various 
input sources as most input estimates are subject to considerable uncertainty arising 
from analytical and sampling problems. Moreover, the actual quantity of pollutants 
entering the North Sea varies from year to year, depending on factors like natural 
variations in river flows and water exchange with adjacent sea areas, economic 
variations (industrial expansion and reorganization, large strikes), changing leg­
islation (emission and dumping restrictions), atmospheric conditions (wind flow 
patterns, rainfall intensity) and unforeseen circumstances (accidents).
Although, in a number of publications, estimates of the non-atmospheric input 
are given (e.g. Cambray et a i, 1979; van Aalst et a i, 1983; ATMOS, 1984), we 
chose to use the recent data as given by Warmenhoven et a i  (1989). They use 
the figures reported during the Second International Conference on the Protection 
of the North Sea in 1987, which are based on information obtained from the 
countries concerned. For the contaminants which are not included in the report 
of the Conference, the total fluxes are estimated on the basis of data on the total
T A B L E  XV . Relative contribution of atmospheric 
deposition to the total loading of the North Sea, in 
percent
Element Atmospheric- 
measured 
ATM OS (1992)
Atmospheric-
modelled
Warmenhoven et al. 
(1989)
Cd 22 14
C r 2 2
Cu 18 4
Pb 26 35
Zn 15 5
loading through the Rhine and the Meuse (Folkertsma, 1989). This author points 
out, however, that the values calculated in this way can only serve as in indication 
of the order of magnitude. Also, the contamination and natural heavy metal load 
of the water entering the North Sea from the English Channel, the Baltic Sea and 
the North Atlantic is not included in the estimates. And the river catchment areas 
are also subject to atmospheric deposition (Warmenhoven et al., 1989). According 
to Warmenhoven étal., 1989, the yearly estimates for non-atmospheric deposition 
of metals in tonnes are: 95 (Cd), 4000 (Cr), 2800 (Cu), 3500 (Pb) and 1700 (Zn). 
By comparing the non-atmospheric input to the atmospheric input fluxes discussed 
earlier, it is possible to get an idea of the relative importance of both pathways for 
the input of pollutants to the North Sea. In Table XV, the non-atmospheric values 
are compared with the measured and modeled atmospheric data. We used the values 
calculated by the model of Warmenhoven et al. (1989) and flux values reported 
by ATMOS (1992). The most important pathway for each compound seems the 
same for measurements and model. Based on this data, non-atmospheric input is 
more important for all the elements. GESAMP (1989) notes that, for particulate 
trace elements, the major source is usually the rivers. However, particulate riverine 
material is likely to be deposited close to the source regions, while atmospheric 
input can more easily occur in remote oceanic areas. Still according to the GESAMP 
report, the global atmospheric and riverine inputs are comparable for dissolved Cu, 
while for Zn and Cd atmospheric inputs appear to dominate. The atmospheric 
input of Pb is expected to decrease over the next decade, due to the growing 
use of unleaded gasoline. Martin et al. (1989) state that the atmospheric input 
to the Mediterranean Sea is predominant over the river input, either dissolved or 
particulate. For organic contaminants as well, the riverine flux may influence only 
the nearshore areas, while atmospheric input is supposed to have a much wider 
impact over regional seas (GESAMP, 1989).
However, it must be emphasized that the accuracy of the estimations of both 
the atmospheric and non-atmospheric input sources is still very poor.
5. Conclusions
From this literature review several important gaps in the knowledge of the atmo­
spheric deposition to the North Sea have become apparent.
For aerosols, the presently available concentration data need to be improved 
by more accurate determinations of the size distribution of airborne particulate 
matter since this is directly controlling the deposition rates. The dependence of the 
deposition velocity upon the particle size requires further investigation and better 
knowledge of the kinetic parameters as deposition/transfer velocity.
It is obvious that current knowledge about the wet deposition of trace elements 
to the North Sea is insufficient. For the trace metals, which were dealt with in 
this review, a number of specific problems like the lack of accurate washout 
ratios for the North Sea area or the contribution of resuspension from the sea 
surface to the observed pollutant concentrations still have to be solved. Reported 
washout or scavenging ratios for a particular element vary substantially. Part of 
the problem is in the method by which scavenging ratios are determined; usually 
they are computed from rain and air concentrations measured on samples that 
were not collected contemporary. Therefore, it is absolutely necessary to work 
out a ‘global’ measurement strategy for the North Sea area which would include 
precipitation and air sampling, preferably simultaneously at a large number of sites 
(ship cruises, islands, platforms, coastal stations) and over a considerable period 
of time, in order to be able to calculate the scavenging rates from really paired 
rain and air samples. The considerable expansion of the geographical coverage 
of rain sampling programmes should eliminate the uncertainties on the temporal 
distributions of precipitations events for the North Sea area.
The results of different studies on the atmospheric input of trace elements 
into the North Sea are still indicating large uncertainties. A combined model and 
monitoring approach seems to be most useful for the determination of atmospheric 
fluxes to large surface waters. Model studies give much lower values than the 
studies based on measurements. The major uncertainty in model studies is the 
quality and completeness of the emission data and the different size distributions 
used in the models. Furthermore, none of the models takes into account particle 
growth due to high relative humidities. Emission estimates for Cd and Zn currently 
in use are most probably too low. Cd emissions in 1982-1989 over a whole region, 
should be at least 30% higher. For Zn, the general underestimating is at least a factor 
of 3. Therefore, research on emission processes and identification of unknown 
emission categories is urgently needed for heavy metals (Van Jaarsveld, 1991).
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Aerosol samples have been collected over the 
southern bight of the North Sea from an aircraft. In 
this way, 96 samples were taken for single-particle 
analysis during 16 flights. Almost 45 000 individual 
particles were analyzed with electron probe X-ray 
microanalysis. More than 5000 of these were found to 
contain significant concentrations of one or more 
of the heavy metals Cr, Pb, and Zn. With the help of 
hierarchical, nonhierarchical, and fuzzy clustering 
techniques, various heavy metal-containing particle 
types could be identified. Significant differences 
in abundances were detected in the North Sea heavy 
metal aerosol, depending on the origin of the air 
masses. In samples with continental influence 50 times 
more Zn- and Pb-containing particles were found 
than in samples with a marine history. For Cr, on the 
other hand, we found abundances in the marine 
sector that were one-third of the values for continental 
sectors. This might point to a rather undefined 
marine source, which could be the recycling of previously 
deposited material by reinjection into the atmosphere 
by sea spray. The highest values for Cr-, Pb-, and 
Zn-containing particles were always detected under 
southeastern wind directions.
Introduction
D u rin g  th e  p a s t  few  d e c a d e s , th e  in p u t  o f  h e a v y  m e ta ls  to  
th e  N o rth  S ea  h a s  in c re a se d  sig n ifican tly  d u e  to  th e  g ro w in g  
in d u s tr ia l  a c tiv ity  a n d  c a r  tra ffic  in  E u ro p e a n  c o u n tr ie s . 
D e sp ite  th e  firs t p o s itiv e  s ig n a ls  o f  im p ro v e m e n t, e .g ., th e  
re d u c t io n  o f  a tm o s p h e r ic  P b  lev e ls  a s  a  re s u lt o f  th e  u s e  o f  
u n le a d e d  g a so lin e  ( 2 - 3 ) ,  th e  a n n u a l  to ta l to x ic ity  o f  a ll 
h e a v y  m e ta ls  m o b iliz e d  w a s  re p o r te d  to  e x ceed  th e  
c o m b in e d  tox ic ity  o f  all o f  th e  rad io ac tiv e  a n d  o rg an ic  w as te s  
g e n e ra te d  e a c h  y e a r  (4). T h e  e v e r in c re a s in g  d is p e rs io n  o f  
h e a v y  m e ta ls  th r o u g h  th e  a tm o sp h e re , w a te r, a n d  so il is  a  
m a jo r  c o n c e rn  d u e  to  th e ir  h a z a rd o u s  e ffec t o n  h u m a n  
h e a lth , th e  p o ss ib le  c h a n g e s  th e y  in itia te  in  n a tu r a l  
b io c h e m ic a l p ro c e sse s  in  a ll ecosystem s, a n d  th e ir  in ev itab le  
a c c u m u la tio n  in  th e  fo o d  c h a in .
* Corresponding author fax: +32-3-820-23-76; e-mail address: 
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I t  h a s  o ften  b e e n  d e m o n s tra te d  t h a t  w e t a n d  d ry  
d e p o s itio n  o f  p o llu ta n ts  f ro m  th e  a tm o s p h e re  to  th e  N o rth  
S ea  is a  d o m in a n t t r a n s p o r t  sy s te m  fo r  a  n u m b e r  o f 
e le m e n ts . F o r sev era l y e a rs  n o w , e ffo rts  h a v e  b e e n  m a d e  
to  asse ss  h ea v y  m e ta l c o n c e n tra tio n s  a n d  size  d is tr ib u tio n s  
o v e r  th e  N o r th  S ea  a n d  to  q u a n tify  th e  d e p o s itio n  fluxes o f 
th e s e  e le m e n ts  b y  u s in g  a  w id e  v a r ie ty  o f  an a ly tica l b u lk  
te c h n iq u e s  (5). M ic ro an a ly s is  te c h n iq u e s , how ev er, h av e  
n o t  b e e n  w id ely  u se d , d e sp ite  th e ir  e n o rm o u s  p o te n tia l  to  
charac te rize  th e  m o rp h o lo g y  a n d  c o m p o s itio n  o f  m ic ro m e ­
te r -s iz e d  in d iv id u a l a e ro so l p a rtic le s . O b se rv a tio n  o f  
p a r t ic u la r  e le m e n ts  a llow s th e  id e n tif ic a tio n  o f  specific  
p a rtic le  ty p es , c h a ra c te r iz a tio n  o f  th e ir  so u rce , a n d  in v es­
tig a tio n  o f  th e ir  a b u n d a n c e  as a  fu n c tio n  o f  p h y sica l 
p a ra m e te rs . M o reo v er, s h o r te r  s a m p lin g  tim e s  (m in u te s  
r a th e r  th a n  h o u rs  fo r  b u lk  an a ly s is) a re  n e e d e d  fo r m i­
c ro an a ly sis , w h ic h  a llow s o n e  to  s tu d y  s h o r t  tim e  v a ria tio n s  
in  a tm o sp h e ric  c o m p o s it io n  as  a  re s u lt  o f  w in d  d ire c tio n  
c h a n g e s  a n d  to  o v e rco m e  so m e  o f  th e  p ro b le m s  o f  a irb o rn e  
s a m p lin g  fro m  a irp la n e s , w h e re  s h o r te r  s a m p lin g  tim e s  
e v id e n tly  a re  n e e d e d  th a n  fo r s h ip -b a s e d  m e a s u re m e n ts .
T h e  p re s e n t  s tu d y  is p a r t  o f  a  la rg e  in v e s tig a tio n  
re g a rd in g  h eav y  m e ta l d e p o s itio n  in to  th e  N o r th  Sea. 
Severa l a rtic le s  h av e  a lread y  b e e n  p u b lis h e d  in  th e  fra m e ­
w o rk  o f  th is  s tu d y  o n  th e  s in g le -p a r tic le  a n a ly s is  o f 
p a r t ic u la te  a tm o sp h e ric  m a t te r  u s in g  e le c tro n  p ro b e  X -ray  
m ic ro a n a ly s is  (EPXMA) (6), e sp e c ia lly  fo r  g ia n t a e ro so l 
p a rtic le s  (7), a n d  u s in g  la se r  m ic ro p ro b e  m a s s  a n a ly s is  (3). 
B esid es s in g le -p a r tic le  an a ly s is , b u lk  a n a ly s is  b y  en erg y - 
d isp e rs iv e  X -ray  sp e c tro m e try  a n d  p ro to n - in d u c e d  X -ray  
e m iss io n  (9) a n d  b y  d iffe ren tia l p u ls e  a n o d ic  s tr ip p in g  
v o lta m m e try  (JO) w as  p e r f o rm e d  in  o rd e r  to  o b ta in  
a tm o sp h e r ic  c o n c e n tra tio n s  o f  d if fe re n t e le m e n ts . W ith  
th e s e  d a ta , sev era l d e p o s itio n  m o d e ls  w e re  te s te d  (22, 22), 
w h ic h  in  th e  e n d  p ro v id e d  u s  w ith  e s t im a te s  fo r  w e t a n d  
d ry  d e p o s itio n  fluxes o f  h e a v y  m e ta ls  in to  th e  N o r th  Sea 
(2). T h e  a im  o f  th e  p re s e n t  a r tic le  is th e  d e ta ile d  id e n t i­
f ic a tio n  a n d  c h a ra c te r iz a tio n  o f  ex ac tly  th e  sp ec ific  p a rtic le  
ty p e s  th a t  a re  re sp o n s ib le  fo r  th e  i n p u t  o f  h e a v y  m e ta ls  Cr, 
Z n , a n d  Pb.
Experimental Section
T h e  sa m p le s  w e re  c o lle c te d  d u r in g  sev e ra l fligh ts w ith  a  
tw in -e n g in e  a irc raft, a  P ip e r  C h ie fta in  PA 31-350  o w n e d  by  
G eo sen s  B.V. (R o tte rd am , T h e  N e th e r la n d s ) , o v e r a  p e r io d  
o f  13 m o n th s . All fligh ts w e re  p e rfo rm e d  u n d e r  re la tiv e ly  
c lo u d le ss  a n d  d ry  c o n d itio n s . W in d  sp e e d s  o v e r th e  
s a m p lin g  c a m p a ig n  w ere  b e tw e e n  2 a n d  13 m  s_ I. A fter 
ta k e o ff  f ro m  R o tte rd a m  a irp o rt, a  sp ira l f lig h t w as  in i t ia te d  
a t  th e  G o eree  p la tfo rm  (5 I°5 5 '3 0 "  N, 3 °40 ' E) in  o rd e r  to  
lo ca lize  th e  in v e rs io n  layer. O n c e  th is  w as  d o n e , th e  a irc ra ft 
flew  tra c k s  o f  ca . 110 k m  a t  six  d if fe re n t h e ig h ts  m o re  o r 
less ev en ly  sp a c e d  b e tw e e n  s e a  level a n d  th e  in v e rs io n  layer. 
T h e  lo w est track , o n ly  10—30 m  a b o v e  se a  level, w as 
in te n d e d  to  asse ss  p a r tic le  r e s u s p e n s io n  b y  se a  sp ray . 
D u rin g  th e s e  tracks, a irb o rn e  p a r t ic u la te  m a t te r  w as 
c o lle c te d  o n  0 .4-/<m -pore-size N u c le p o re  m e m b ra n e  filters 
u s in g  a n  iso k in e tic  in le t (13). T h e  flo w  ra te  w as  a p ­
p ro x im a te ly  1 m 3 h -1. All tr a c k s  w e re  flo w n  p a ra lle l w ith  
th e  w in d  d ire c tio n  to  a llo w  la te r  c a lc u la tio n  o f  b a c k w a rd  
tra je c to rie s . T h ese  3 6 -h  is o b a ric  b a c k  tra je c to r ie s  w ere  
p ro v id e d  b y  th e  R oyal D u tc h  M e teo ro lo g ica l In s titu te
(KNMI) a n d  a re  sh o w n  in  F ig u re  1. M o re  d e ta ile d  in fo r­
m a tio n  a b o u t  th e  s a m p lin g  c a m p a ig n  c a n  b e  fo u n d  
e lsew h ere  (14).
In  th is  w ay , 96 s a m p le s  w ere  c o lle c te d  d u rin g  16 flights. 
T h e  an a ly s is  o f  a lm o s t 48 000 in d iv id u a l p a rtic le s  (500 in  
e a c h  sam p le ) w as d o n e  by  EPXMA o n  a  JXA-733 S u p e rp ro b e  
o f  JEOL (Tokyo, Jap an ). F o r th e  an a ly s is , a n  a c c e le ra tin g  
v o ltag e  o f  20  kV a n d  a  b e a m  c u r re n t o f  1 nA  w ere  u se d . T h e  
m in im a l d e te c tio n  lim it fo r e le m e n ta l c o n c e n tra tio n  is 
a ro u n d  1000 p p m , w h e re a s  th e  m in im u m  d e te c ta b le  
p a r tic le  s ize  is 0.2 fim. EPXMA p e rm its  o n e  to  o b ta in  
m o rp h o lo g ic a l p a ra m e te r s  s u c h  a s  th e  d ia m e te r  a n d  sh a p e  
fa c to r  o f  a  p a rtic le , w h ile  th e  c h e m ic a l c o m p o s itio n  is 
d e riv ed  fro m  a n  en e rg y -d isp e rs iv e  (ED) X -ray  sp e c tru m . 
M o re  d e ta ile d  in fo rm a tio n  o n  th is  m e th o d  c a n  b e  fo u n d  
e lsew h ere  (6). T h e  re s u ltin g  d a ta  s e t  c o n ta in e d  b o th  
m o rp h o lo g ic a l a n d  c h e m ic a l in fo rm a tio n  fo r a lm o s t 48 000 
p a rtic les .
I t  is  n o t  d ifficu lt to  im a g in e  th a t ,  w h e n  w o rk in g  w ith  
s u c h  la rg e  d a ta  se ts , so m e  m e th o d  o f  d a ta  re d u c tio n  is  
n e e d e d . W e c h o se  a  c o m b in e d  a p p ro a c h  o f  sev e ra l 
m u ltiv a ria te  c lu s te r  te c h n iq u e s . A h o m e -w ritte n  W indow s- 
b a se d  p ro g ra m , ca lled  IDAS, w as u sed . M o re  in fo rm a tio n  
a b o u t th e  p ro g ra m  c a n  b e  fo u n d  e lsew h ere  (15). C lu s te r 
an a ly s is  is  a  w e ll-d e v e lo p e d  m u ltiv a r ia te  m e th o d , w h ic h  
h a s  b e e n  u s e d  reg u la rly  in  c o n n e c tio n  w ith  s in g le -p a r tic le  
an a ly s is  (16-19).. M o s t o f  th e s e  p u b lic a tio n s  d e a lt w ith  
h ie ra rc h ic a l c lu s te r in g  m e th o d s . In  o u r  case , w e  a p p lie d  
a  c o m b in a tio n  o f  h ie ra rc h ic a l, n o n h ie ra rc h ic a l, a n d  fu zzy  
c lu s te rin g  to  o u r  d a ta  set.
T h e  c lu s te r in g  w as  p e rfo rm e d  o n  th e  X -ray  e le m e n ta l 
in te n s i tie s  e m itte d  b y  e a c h  a e ro so l p a rtic le , a n d  n o  
n o rm a liz a tio n  w as  d o n e  p r io r  to  th e  s ta tis tic a l tr e a tm e n t. 
H ie ra rch ica l c lu s te r  an a ly s is  (HCA) is th e  m o s t s im p le  o f  
th e  th re e  a n d  th e re fo re  m o s t  fre q u e n tly  u sed . I t  h a s  a lso  
th e  a d v a n ta g e  o f  e a sy  v isu a l in te rp re ta t io n  w ith  th e  h e lp  
o f  so -ca lle d  d e n d ro g ra m s . I ts  m a in  d isa d v a n ta g e  lies in  
th e  fa c t th a t  s o m e  h ie ra rc h ic a l s tru c tu re  is p re s u m e d , a n d  
th is  is n o t  a lw ays th e  c a se  w h e n  w o rk in g  w ith  a tm o sp h e r ic  
d a ta  se ts . T h is  m ig h t le a d  to  th e  m isc la ss if ic a tio n  o f  so m e  
p a rtic le s . N o n h ie ra rc h ic a l c lu s te r in g  m e th o d s  (NHCA) d o  
n o t  h a v e  th e s e  p ro b le m s ; h o w ev er, th e y  re q u ire  p r io r  
k n o w led g e  a b o u t  th e  d a ta  s tru c tu re . T h is  is so lv ed  b y  u s in g  
th e  re su lts  o f  th e  h ie ra rc h ic a l c lu s te r in g  a s  c e n tro id s  fo r  
th e  n o n h ie ra rc h ic a l c lu s te rin g . B o th  HCA a n d  N HCA a re  
so -ca lle d  h a rd  c lu s te r in g  m e th o d s : th is  m e a n s  th a t  o n e  
p a r tic le  b e lo n g s  to  o n ly  o n e  c lu s te r  a f te r  th e  c lu s te rin g . In  
so m e  cases , w h e n  d e a lin g  w ith  o v e rla p p in g  c lu s te rs , th is  
c a n  le a d  to  m is ta k e s  in  th e  c lu s te rin g . T h is  p ro b le m  is 
o v e rc o m e  b y  fu zzy  c lu s te r in g  a n a ly s is  (FCA). T h e  m a in  
id e a  is to  re p la c e  th e  p ro c e d u re  o f  sp lit tin g  th e  m u ltiv a ria te  
d a ta  in to  a  c e r ta in  n u m b e r  o f  c lu s te rs  b y  a  p ro c e d u re  o f  
d e te rm in in g  th e  p ro b a b ili ty  o f  b e lo n g in g  fo r e a c h  o b je c t to  
e a c h  c lu s te r. H a rd  c lu s te r in g  th e re fo re  c a n  b e  c o n s id e re d  
a s  a  sp ec ia l c a se  o f  fuzzy  c lu s te rin g , n am ely , w h e n  a ll 
m e m b e rs h ip  c o e ff ic ien ts  b u t  o n e  a re  e q u a l to  0. M o re  
d e ta ile d  in fo rm a tio n  c a n  b e  fo u n d  in  a  p u b lic a tio n  b y  
T re ig e r e t  al. (20). T h e  re su lts  o f  a ll th re e  ty p es  o f  c lu s te r in g  
v e ry  m u c h  d e p e n d  o n  th e  c o rre c t c h o ic e  o f th e  n u m b e r  o f  
c lu s te rs . P rev iously , th is  w a s  d o n e  o n  th e  b a s is  o f th e  
p e rs o n a l e x p e rie n c e  o f  th e  a n a ly s t r a th e r  th a n  o n  th e  b a s is  
o f  s ta tis tic a l c rite r ia . T h is p ro b le m  w as o v e rco m e  b y  
im p le m e n tin g  A kaike’s in fo rm a tio n  c r ite r io n  (A IQ , w h ich  
is  b a se d  o n  th e  re la tio n  b e tw e e n  e n tro p y  a n d  o rd e r in g  in  
a n  iso la te d  sy s tem : if  th e re  is fu ll o rd e r in g  in  th e  sy s tem ,
th e  e n tro p y  is  m in im a l. F u r th e r  in fo rm a tio n  a n d  ex am p les 
o f  AIC a re  fo u n d  e lse w h e re  (21).
Results and Discussion
To in v es tig a te  th e  ae ro so l c o m p o s itio n  d e p e n d e n c e  o n  w in d  
d irec tion , w e  d iv id ed  th e  16 flights in to  five sec to rs  acco rd in g  
to  th e  a ir  m a s s  h is to ry  o b ta in e d  fro m  3 6 -h  b a ck w ard  
tra je c to rie s . C h e s te r  a n d  B rad sh aw  (22) s t re s s e d  th e  
im m e n se  im p o r ta n c e  o f  th e  a ir  m a ss  o rig in  fo r th e  a e ro so l 
c o m p o s it io n  c o m p a re d  to  th e  p o s i tio n  o f  th e  s a m p lin g  
lo ca tio n . T h e re fo re , m u c h  c a re  w as g iv en  to  th e  d iv is io n  
o f  th e  s a m p le s  o v e r th e  five sec to rs , w h ic h  a re  sh o w n  in  
F ig u re  1. O n ly  p a r tic le s  c o n ta in in g  C r, Z n , o r  P b  w e re  
se lec ted . In  th is  w a y  w e  o b ta in e d  a ll C r-, Z n -, o r  P b - 
c o n ta in in g  p a r tic le s  d iv id e d  p e r  sec to r. T h e  d is tr ib u tio n  
o f  th e  flig h ts  o v er th e  d if fe re n t sec to rs  a n d  th e  n u m b e r  o f  
p a rtic le s  c o n ta in in g  o n e  o r  m o re  o f  th e s e  m e ta ls  in  e a c h  
fligh t a re  sh o w n  in  T a b le  1. F ig u res  2 —4 sh o w  th e  
p e rc e n ta g e  o f  m e ta l-c o n ta in in g  p a rtic le s  p e r  sec to r.
F ro m  th e s e  figu res, i t  is c le a r  th a t  th e  lo w est o c c u rre n c e s  
o f  Cr-, P b -, a n d  Z n -rich  p a rtic le s  w ere  alw ays fo u n d  in  se c to r 
1. T h is  s e c to r  is c h a ra c te r iz e d  b y  u n p o llu te d  a ir  m a sse s  o f 
p u re  m a r in e  o rig in  a n d  c a n  b e  c o n s id e re d  a n  in d ic a to r  o f  
N o r th  S ea  b a c k g ro u n d  v a lu es . M ain  so u rc e s  o f  p o llu tio n  
in  th is  s e c to r  sh o u ld  b e  sh ip s  as  w ell a s  gas a n d  o il d rillin g  
p la tfo rm s , w h ic h  a re  p o s i t io n e d  o v er th e  c e n tra l  a re a  o f  th e  
N o rth  Sea, b u t  th e ir  in f lu e n c e  seem s to  b e  ra th e r  sm all. 
O nly  th e  p e rc e n ta g e  o f  C r-c o n ta in in g  p a rtic le s  is s ig n ifican t 
c o m p a re d  w ith  va lu es f ro m  sec to rs  w ith  c o n tin e n ta l  in flu ­
e n c e  (ca. o n e - th ird  o f  p u re  c o n tin e n ta l v a lu es), w h ic h  m ig h t 
su p p o r t th e  a s s u m p tio n  o f  a  m a r in e  so u rc e  o f  C r-c o n ta in in g  
p a rtic le s . T h e  re in je c t io n  b y  sea  sp ra y  o f  p rev io u sly  
d e p o s ite d  p a r tic le s  h a s  b e e n  p ro p o s e d  (23) a s  a  p o ss ib le  
so u rc e  fo r  m a r in e -d e r iv e d  tra c e  m e ta l-c o n ta in in g  p a rtic les , 
b u t  th e  re a lity  a n d  q u a n tif ic a tio n  o f  th is  p o ss ib le  recy c led  
m a r in e  c o m p o n e n t  a re  still c o n tro v e rs ia l (24). P b  a n d  Z n  
va lu es a re  m o re  th a n  50 tim e s  low er th a n  c o n tin e n ta l values. 
S ec to r 2  h a s  in te rm e d ia te  v a lu es  fo r C r ( 1.4%) a n d  Pb (3.0%), 
b u t  th e  a m o u n t  o f  Z n -r ic h  p a rtic le s  is r a th e r  h ig h  (7.8%). 
T h is  s e c to r  a c c o u n ts  fo r  e m iss io n s  fro m  th e  N e th e rla n d s , 
th e  n o r th e r n  p a r t  o f  G e rm an y , e a s te rn  E u ro p e , a n d  all 
S c a n d in a v ia n  c o u n tr ie s . T h e  h ig h e s t n u m b e r  o f  h eav y  
m e ta l-c o n ta in in g  p a rtic le s  w as alw ays e n c o u n te re d  in  sec to r 
3. T h is  s e c to r  is  id e n tif ie d  b y  a ir  m a sse s  w ith  p u re  
c o n tin e n ta l  h is to ry , w h ic h  ca rry  e m iss io n s  fro m  B elg ium , 
c e n tra l  a n d  s o u th e rn  G erm an y , a n d  th e  e a s te rn  p a r t  o f  
F ra n c e . T h e se  h ig h  n u m b e r s  a re  n o t  to ta lly  u n e x p e c te d , 
s in c e  in d u s tr ia l  s o u rc e s  o f  h ea v y  m e ta ls  a lo n e  a re  th o u g h t 
to  b e  10 tim e s  h ig h e r  o n  a  g lo b a l sca le  th a n  a ll n a tu ra l 
so u rc e s  c o m b in e d  (25). S e c to r 4 is a ffec ted  b y  a ir  m a sse s  
fro m  th e  n o r th w e s te rn  p a r t  o f F ra n c e  (in c lu d in g  th e  
in d u s tr ia l c e n te rs  o f  D u n k e rq u e , C h e rb o u rg , a n d  Lille) a n d  
b y  e m iss io n s  fro m  th e  U n ite d  K ingdom , b u t  a lso  h a s  so m e  
in f lu e n c e  fro m  a ir  m a s se s  c o m in g  fro m  th e  A tlan tic  o c e a n  
a n d  th e  E n g lish  C h a n n e l. P e rc e n ta g e s  in  th is  s e c to r  a re  
a p p ro x im a te ly  h a lf  o f  th o s e  in  s e c to r  3. O n ly  C r (2.2%) 
a b u n d a n c e s  a re  o n  th e  s a m e  level as th a t  fo r s e c to r  3 (2.1%). 
S am p le s  c o lle c te d  o n  flig h ts  4 ,9 , a n d  14 w e re  ta k e n  u n d e r  
lo w  w in d  sp e e d s  a n d  v a ria b le  w in d  c o n d itio n s . T h ere fo re , 
th e y  a re  g ro u p e d  in  s e c to r  5, ca lled  “lo c a l”. T h e  v a lu e s  
fo u n d  in  th is  se c to r  a re  a lso  q u ite  h ig h .
T o  in v e s tig a te  th e  tr u e  c h e m ic a l c o m p o s it io n  o f  th e  
p a r tic le s  c o n ta in in g  Cr, Z n , o r  Pb , w e  n e e d e d  to  id e n tify  
th e  d iffe ren t p a rtic le  g ro u p s  a n d  d e te rm in e  th e ir  a b u n d a n c e  
v a r ia tio n s  o v e r  th e  five sec to rs . T h is w a s  d o n e  o n ly  fo r
FIGURE 1. 1000-hp, 36-h air mass back trajectories at our sampling site for the five different sectors. The numbers indicate flight numbers.
p a r tic le s  c o n ta in in g  o n e  o r  m o re  o f  th e  e le m e n ts  Cr, Z n, 
a n d  P b . O th e r  h e a v y  e le m e n ts  s u c h  as  N i, V, Sn, Cd, a n d  
C u  w e re  n o t  in v es tig a ted , b e c a u se  th e  n u m b e r  o f  p a rtic le s  
c o n ta in in g  o n e  o r  m o re  o f  th e s e  e le m e n ts  w as to o  sm all to  
o b ta in  s ta tis tic a lly  s ig n ifican t in fo rm a tio n . F o r e a c h  o f  th e  
th re e  e le m e n ts  w e  p e rfo rm e d  h ie ra rch ica l, n o n h ie ra rch ica l, 
a n d  fu zzy  c lu s te r in g  fo r e a c h  o f  th e  five sec to rs . T h e  re su lts  
o f  th e  h ie ra rc h ic a l c lu s te r in g  w ere  u s e d  as  c e n tro id s  fo r th e  
n o n h ie ra rc h ic a l a n d  fuzzy  c lu s te rin g . T h e  n u m b e r  o f  
g ro u p s  w a s  c h o se n  a fte r  c a re fu l e v a lu a tio n  o f  A kaike’s 
c rite r io n . T h e  fu zzy  c lu s te r in g  w as  e m p lo y e d  fo r s tu d y in g  
th e  in te rn a l o v erlap  b e tw e e n  th e  d iffe ren t g ro u p s . T h e  fin a l 
in te rp re ta tio n  w as  ca rr ied  o u t o n  th e  b asis  o f th e  c o m b in a ­
t io n  o f  th e  in fo rm a tio n  o b ta in e d  fo r th e  th re e  c lu s te rin g  
te c h n iq u e s . T h e  re su lts  fo r C r-, Z n -, a n d  P b -c o n ta in in g
p a rtic le s  fo r  e a c h  o f  th e  five s e c to rs  a re  g iv en  in  T ab les 
2 - 4 .
C h ro m iu m -C o n ta in in g  P a r t ic le s . In  to ta l, 750 p a rtic les  
w e re  fo u n d  c o n ta in in g  Cr, w h ic h  is 1.7% o f  th e  en tire  
n u m b e r  o f  p a rtic le s  an a ly z ed . A fter th e  c lu s te rin g , severa l 
d iffe re n t C r-c o n ta in in g  p a r t ic le  ty p e s  w e re  d e te c te d , e m ­
b o d y in g  a  v a rie ty  o f  c o m p o s it io n s , b u t  so m e  fre q u e n tly  
o c c u rr in g  ty p e s  c o u ld  b e  id e n tif ie d . T h e  re s u lts  o f  th e  
c lu s te r in g  fo r th e  five se c to rs  a re  sh o w n  in  T a b le  2. All 
sec to rs  a re  d o m in a te d  b y  th e  a p p e a ra n c e  o f  F e—C r partic les, 
so m e tim e s  in  c o m b in a tio n  w ith  o th e r  e le m e n ts . P u re  Cr 
p a rtic le s  (th e se  a re  m o s t  lik e ly  C r ox ides, b u t  s in c e  o n ly  
e le m e n ts  w ith  Z  ab o v e  11 a re  d e te c te d  w ith  en erg y - 
d isp e rs iv e  EPXMA, O is  n o t  m e a s u re d )  w e re  o n ly  e n c o u n ­
te re d  in  sec to rs  2 a n d  4. In  m o s t  sec to rs  C r w as a lso  d e te c te d
Number of Particles Containing Cr, Pb, and Zn as a Function of the Total Number of Particles Analyzed per 
Flight and per Sector
flight no.
particles analyzed 
per flight
Cr-containing
particles
Pb-containing
particles
Zn-containing 
particles
6 2922
Sector 1: North/Northwest
21 4 0
total (sector 1) 2922 21 (0.7%) 4 (0.1%) 0 (0.0%)
5 3401
Sector t  Northeast/East
36 88 305
15 2851 52 25 141
17 3000 39 106 234
18 1980 31 119 260
19 3000 40 87 163
total (sector 2) 14232 198(1.4%) 425 (3.0%) 1103 (7.8%)
7 3000
Sector 3: Southeast/South
50 244 414
8 3000 52 176 243
13 3000 83 130 216
total (sector 3) 9000 185 (2.1%) 550 (6.1%) 873 (9.7%)
2 1573
Sector 4: Southwest/West
28 101 69
3 2844 41 135 164
11 2655 25 13 35
12 2880 127 38 104
total (sector 4) 9952 221 (2.2%) 287 (2.9%) 372 (3.7%)
4 1764
Sector 5: Local
28 156 100
9 2455 74 68 264
14 3000 50 80 103
total (sector 5) 7219 152 (2.1%) 304 (4.2%) 467 (6.5%)
total (all sectors) 43325 750 (1.7%) 1570 (3.6%) 2815 (6.5%)
FIGURE 2. Percentage of Cr-containing particles per sector. The 
encircled numbers indicate the sector number.
in  c o m b in a tio n  w ith  th e  e le m e n ts  S, Ca, Cl, a n d  K. In  T ab le  
2 th e y  a re  in d ic a te d  a s  C r /m e d iu m -7 . In  so m e  se c to rs  C r 
w a s  a ss o c ia te d  w ith  h ig h - 7  e le m e n ts  su c h  as  N i, Zn, Cu,
FIGURE 3. Percentage of Pb-containing particles per sector. The 
encircled numbers indicate the sector number.
a n d  P b . A n o th e r  f re q u e n tly  o c c u rr in g  p a rtic le  ty p e  is Cr 
a s s o c ia te d  w ith  SL In  T ab le  2 th e s e  p a rtic le s  a re  n o te d  as 
S i/C r. T h e  size  o f  th e  d iffe ren t p a rtic le  ty p es  varies b e tw e e n
FIGURE 4. Percentage of Zn-containing particles per sector. The 
encircled numbers indicate the sector number.
0.3 a n d  2 .5  fim. T h is  v a r ia tio n  is  la rg e r  th a n  th a t  fo r  P b - 
a n d  Z n -r ic h  m a te ria ls . T h is  m ig h t p o in t  to  a  n a tu r a l  so u rc e  
o f  Cr, w h ic h  is n o t  p r e s e n t  fo r  Z n  a n d  P b .
M o re  th a n  10 m illio n  to n s  o f  c h ro m ite  (F e O C ^ C y , th e  
o n ly  e c o n o m ic a lly  im p o r ta n t  C r m in e ra l, is u s e d  g lo b ally  
e a c h  y e a r , d iv id e d  o v e r th r e e  m a in  in d u s tr ie s : 76%  fo r 
m e ta llu rg ic a l, 13% fo r re frac to ry , a n d  11% fo r c h e m ic a l 
a p p lic a tio n s  (26). T h e  d if fe re n t in d u s tr ia l  a p p lic a tio n s  call 
fo r  d if fe re n t fo rm s  o f  Cr, s u c h  a s  c h ro m ite , fe rro c h ro m iu m , 
C r m e ta l, a n d  sev e ra l o th e r  C r c o m p o u n d s . E a c h  o f  th e se  
in d u s tr ie s  e m its  C r in  o n e  fo rm  o r  a n o th e r . T h e  c lo se s t 
C r-e m ittin g  in d u s tr ie s  a re  p ro b a b ly  th e  s te e l fa c to rie s  in  
B o u lo g n e , D u n k e rq u e , Lille, a n d  R oubaix , a p p ro x im a te ly  
300 k m  d is ta n t  f ro m  th e  s a m p lin g  lo c a tio n . T h e  in d u s tr ia l  
c e n te r  o f  th e  R u h r a re a , w ith  m a n y  s te e l fac to rie s , lies ca. 
500 k m  eas t. T h e  so u rc e  id e n tif ic a tio n  o f  all o f  th e s e  p a rtic le s  
ty p e s  is q u ite  c o m p le x  c o n s id e r in g  th e  re la tiv e ly  sm a ll 
d iffe ren ces  b e tw e e n  so m e  o f  th e  p a rtic le  g ro u p s . M oreover, 
d u e  to  th e  h ig h  b o ilin g  p o in t ,  C r v a p o rs  f ro m  c h ro m iu m  
s te e l p ro d u c t io n  a n d  c o a l c o m b u s tio n  ra p id ly  c o n d e n s e  a s  
o x id es o n  th e  su rfa c e  o f  d if fe re n t so r ts  o f  a irb o rn e  p a rtic le s  
(27). D u r in g  th e  c o m b u s tio n  o f  fuels, th e  v o la tile  sp ec ie s  
in  co a l e v a p o ra te  in  th e  fu rn a c e  a n d  su b s e q u e n tly  c o n d e n se  
a s  su b m ic ro m e te r -s iz e d  p a r tic le s  o r  o n  a s h  p a rtic le s . C r 
w a s  fo u n d  to  b e  s ig n ifican tly  c o n c e n tra te d  o n  th e  su rface  
o f  c o m b u s tio n  p a r tic le s  (28). T h e se  p ro c e s se s  give r ise  to  
a  w id e  v a r ie ty  o f  C r-c o n ta in in g  p a r tic le s  a n d  c o m p lic a te  
so u rc e  id e n tif ic a tio n . S ev e ra l p a r tic le  g ro u p s  w ith  lo w  C r 
c o n te n t  a re  p ro b a b ly  c re a te d  in  th is  w ay. T h e  in f lu e n c e  o f  
p a r t ic le  s iz e  o n  th e  o c c u rre n c e  o f  th is  p a r tic le  ty p e  is ra th e r  
u n c le a r : s iz e s  v a ry  b e tw e e n  0.5 a n d  1.5 nm.
T h e  d if fe re n c e s  in  a b u n d a n c e s  b e tw e e n  th e  v a rio u s  
p a r t ic le  g ro u p s  sh o w n  in  T a b le  2 a re  n o t  to  b e  in te rp re te d  
a s  final, s in c e  c la s s if ic a tio n  o f  so m e  o f  th e  c lu s te rs  w as 
d ifficu lt a n d  su b je c t to  p e rs o n a l in te rp re ta tio n . T h e y  do ,
h o w ev e r, give a  g o o d  in d ic a tio n  o f  th e  o c c u rre n c e  o f  th e  
v a r io u s  g ro u p s .
F e - C r  c lu s te rs  a re  th e  m o s t a b u n d a n t in  all o f  th e  secto rs. 
T h e  v a lu e s  v a ry  b e tw e e n  39%  (sec to r 3) a n d  57%  (sec to r 1). 
S ev e ra l p u b lic a tio n s  (4, 27, 29) su g g es t m e ta llu rg ica l 
in d u s tr ie s , w h ic h  a re  th e  m a in  c o n su m e rs  o f  c h ro m ite  fo r 
th e  p ro d u c tio n  o f  iro n , steel, a n d  sta in less  s tee l (Cr im p ro v es 
c o rro s io n  re s is ta n c e ), a s  th e  p r im a ry  so u rc e  o f  F e -C r - r ic h  
p a r tic le s . P a c y n a  (30) a lso  p in p o in ts  th e  s te e l in d u s try  as 
th e  m a jo r  e m itte r  o f  C r in  E u ro p e  (15 000 to n s  y e a r-1)- T h e  
m in e ra lo g ic a l c o m p o s itio n  o f  d u s ts  re le a se d  in  th e  d iffe ren t 
p h a s e s  o f  iro n  a n d  s te e l p ro d u c tio n  h a s  b e e n  id e n tif ie d  as 
c o n s is tin g  o f  a  s ig n ific a n t p a r t  o f  Fe m in e ra ls  a s  h e m a tite  
(Fe20 3) a n d  m a g n e tite  (Fe30 4), w h ic h  so m e tim e s  c o n ta in  
v e ry  h ig h  c o n c e n tra tio n s  (o n  th e  o rd e r  o f  1 0 0 -1 0 0 0  p p m ) 
o f  h e a v y  m e ta ls  in c lu d in g  C r (31).
C r-r ic h  g ro u p s , w h ic h  a re  c o rre la te d  w ith  Si a n d  
s o m e tim e s  Al, w e re  fo u n d  in  all se c to rs  a s  w ell. T h ey  c o u ld  
b e  n a tu r a l  w in d b lo w n  so il d u s t  p a rtic le s . S o m e S a h a ra n  
d u s ts  a re  k n o w n  to  c o n ta in  h ig h  lev e ls  o f  Cr, u p  to  3000 
p p m . L o n g -ran g e  tr a n s p o r t  o f  s u c h  so ils  w as  e x p e c te d  to  
c o n tr ib u te  to  C r re le a se , ev e n  in  E u ro p e  (32). O n  th e  o th e r  
h a n d , th e y  m ig h t a lso  b e  th e  r e s u lt  o f  C r c o n d e n s a tio n  o n  
a irb o rn e  so il d u s t  E viden tly , th is  C r-c o n ta in in g  p a rtic le  
ty p e  is  ra th e r  la rg e  in  size , o fte n  la rg e r  th a n  1.0 /<m. T h is 
m ig h t p o in t  to  a  n a tu r a l  o rig in  fo r  th is  g ro u p . A n o th er, 
a n d  p ro b a b ly im p o r ta n t , poss ib ility  is q u a rtz  (S iO J p a rtic les  
re le a se d  in  th e  s tee l p ro d u c tio n  p ro cess , w h ic h  m a y  c o n ta in  
h ig h  C r c o n c e n tra tio n s  (31).
T h e  m a in  m e d iu m -Z  e le m e n ts  th a t  a re  fo u n d  in  c o m ­
b in a t io n  w ith  C r a re  C a, S, Cl, a n d  K. H e re  a g a in  th e  
e m iss io n  fro m  th e  m e ta llu rg ic a l in d u s try  is  p ro b a b ly  th e  
m a in  c o n tr ib u to r  to  th is  ty p e  o f  p a rtic le s . S ign ifican t 
q u a n ti t ie s  o f  C a  m in e ra ls  su c h  a s  ca lc ite  (C aC 0 3), d o lo m ite  
(C aM g (C 0 3)2), a n d  g y p su m  (C aS 0 4-2H 20 )  e n r ic h e d  w ith  
C r a re  re le a se d  d u r in g  th e  p ro d u c tio n  p ro c e s s . C alc ite  is 
k n o w n  to  re a c t w ith  S 0 2 a n d  resu lts  in  g y p su m . T h e  c e m e n t 
in d u s try  is  a n o th e r  p o te n t ia l  so u rc e  o f  a tm o sp h e r ic  Cr. 
M a n u fa c tu re  o f  c e m e n t is a  h ig h - te m p e ra tu re  p ro c e ss  u s in g  
m o re  th a n  30 ra w m a te r ia ls , w ith  lim es to n e , w h ic h  c o n ta in s  
C r c o n c e n tra tio n s  in  th e  p p m  ran g e , a s  a  m a jo r  in g re d ie n t 
(32).
P u re  C r p a rtic le s  w e re  o n ly  fo u n d  in  th e  n o r th e a s te rn  
a n d  so u th w e s te rn  w in d  d irec tio n s , a n d  n o t  in  th e  s o u th ­
e a s te rn  d irec tio n . I t  is  p o ss ib le  th a t  th is  is  p a r t ly  a n  a rtifa c t 
o f  th e  c lu s te rin g , w h ic h  in c o rp o ra te d  p u re  C r p a r tic le s  in to  
g ro u p s  w ith  h ig h  C r c o n te n t . M eta llic  C r is  u s e d  p rim a rily  
in  n o n fe r ro u s  alloys, w h e re  th e  u se  o f  le ss  ex p en siv e  
fe r ro c h ro m iu m  a lloys c a n  in tro d u c e  u n d e s ira b le  a m o u n ts  
o f  Fe (26). C r p a r tic le s  a sso c ia te d  w ith  h e av y  m e ta ls  a re  
a lso  likely  to  o rig in a te  f ro m  th is  so u rc e . P re su m a b ly  th is  
is a lso  th e  re a s o n  w h y  th e y  a re  fo u n d  in  h ig h e r  q u a n ti tie s  
in  se c to rs  2  a n d  4. T h e  c lo sest im p o r ta n t  n o n fe r ro u s  
in d u s try  in  th e  s o u th e a s te rn  d ire c tio n  is m u c h  m o re  d is ta n t 
th a n  in  th e  o th e r  d ire c tio n s . T h e  o c c u rre n c e  o f  Cl in  so m e  
g ro u p s  is  m o s t likely  e x p la in e d  b y  th e  c o a g u la tio n  o f 
a n th ro p o g e n ic  C r p a r tic le s  a n d  se a  sa lt. T h e  size o f  th e se  
p a r tic le s  is v e ry  sm a ll (a ro u n d  0.4 /a n ) .
L e a d -C o n ta in in g  P a r t ic le s . O ver th e  five se c to rs  to ­
g e th e r , 1570 p a r tic le s  w e re  fo u n d  c o n ta in in g  Pb . T h is  is 
3.6%  o f  th e  to ta l n u m b e r  o f  p a rtic le s  an a ly z ed . A gain , w e 
tr ie d  to  d isco v e r th e  v a rio u s  p a rtic le  ty p e s  b y  m e a n s  o f  a  
c o m b in e d  c lu s te r in g  a p p ro a c h . T h is  re s u lte d  in  th e  
id e n tif ic a tio n  o f  five m a jo r  P b -c o n ta in in g  p a r tic le  types , 
s h o w n  in T a b le  3. A p p ro x im a te ly  50% o f  th e  p a rtic le s  w ere
total abundance diameter relative concentration (weight %)
particle type abun <%) bim) of main elements detected by EPXMA
Sector 1: North/Northwest
Fe/Cr 57.0 57.0 0.8 Cr(20), Fe(73), Ni (7)
Cr/high-Z 28.6 28.6 1.2 S(10), 0(26), Ca(18), Cr(15>, Cu(23>
Si/Cr 14.3 14.3 2.5 Si(16), Cr(84)
Sector t  Northeast/East
Fe/Cr 45.6 14.6 0.5 Cr(17), Fe(80)
14.0 0.6 Si(6), Cr(18), Mn (6), Fe(62)
12.3 1.4 Si(21), S(6), 0(6), Cr(14), Fe(43)
4.7 0.4 Si(11), Cr(48), Fe(29)
pure Cr 31.0 31.0 0.4 Cr(100)
Cr/high-Z 11.1 6.4 0.5 S(12), 0(10), O  (10), Fe<57), Zn (7)
4.7 0.6 S(24), K(7), Ca(11), Cr(20), Fe(17), Zn (10)
Cr/medium-Z 9.3 5.8 0.3 S(14), Cr(81)
3.5 0.3 S(26), Ca(53), Cr(7)
Si/Cr 2.9 2.9 0.4 Mg(7), Al(6), Si(58), S(9), Cr(12)
Sector 3: Southeast/South
Fe/Cr 40.0 23.8 0.6 Cr(25), Fe(65)
10.3 0.9 Cr(11), Fe(85)
5.9 0.7 Si(7), S(6), Cr(11), Mn(32), Fe(34), Zn(7)
Cr/high-Z 30.2 15.1 0.4 Si(5), Cr(39), Fe(34), Ni(4), Zn(12)
15.1 0.7 Si(4), Cr(11), Fe(60), Zn(12)
Si/Cr 16.2 9.2 0.9 Si(7), Cr(81), Fe(6)
7.0 0.6 Si(47), S(6), Cr(25), Fe(14)
Cr/medium-Z 13.5 9.2 1.7 Al(6), Si(10), S(12), 0(16), K(5), Ca(6), Ti(6), Cr(17), Fe(21)
4.3 0.9 S(48), Ca(37), CrdO)
Sector 4: Southwest/West
Fe/Cr 39.0 18.1 1.5 Cr(18), Fe(73), Ni (4)
10.9 0.5 Cr(46), Fe(40)
10.0 0.9 Si(14), Cr(14), Fe(51), S(5), 0(3)
pure Cr 24.0 24.0 0.4 CrdOO)
Cr/medium-Z 23.9 14.9 1.4 0(64), Cr(28)
9.0 0.4 Ca(9), Cr(64), Fe(8)
Cr/high-Z 7.7 5.0 0.9 S(20), 0(7), Ca(19), Ti(7), V(7), Cr(15), Fe(9), Cu(14)
2.7 0.4 S(52), Cr(43), Cu(5)
Si/Cr 5.4 5.4 1.0 Si(83), Cr(6)
Sector 5: Local
Fe/Cr 53.3 23.0 0.9 Cr(25), Fe(68), Ni(6)
12.5 0.6 Cr(49), Fe(42)
9.2 0.6 Cr(13), Fe(84)
8.6 0.7 0(9), S(7), Si(5), Fe(52), Cr(17)
Si/Cr 20.7 11.8 1.0 Sidl), Cr(85)
7.9 1.1 Si(87), Cr(13)
Cr/medium-Z 17.8 12.5 0.7 S(42), Ca(45), Cr(12)
5.3 0.5 S(50), K(11), Cr(25)
Cr/high-Z 9.2 5.9 1.0 Si(7), 0(15), Cr(20), Pb(4)
3.3 1.4 0(4), Cr(17), Cu(76)
fo u n d  to  b e  “p u re "  P b  p a r tic le s , m o s t  likely  m e ta ll ic  P b  a n d  
P b  o x ides. O th e r  g ro u p s  w ith  h ig h  a b u n d a n c e s  w e re  P b  
c h lo r id e s , P b  a s s o c ia te d  w ith  m e d iu m - 2  e le m e n ts  s u c h  as 
P, Ca, a n d  K, a n d  P b -c o n ta in in g  p a rtic le s  w ith  h ig h -Z  
e le m e n ts  (m o s tly Z n , so m e tim e s  C u a n d  Sn). P b  c o rre la te d  
w ith  Si, id e n tif ie d  a s  S i/P b  in  T ab le  3, a c c o u n te d  fo r o n ly  
a  few  p e rc e n t  in  m o s t  se c to rs .
P b  is  a n  e le m e n t th a t  is  u s e d  v e ry  ex ten s iv e ly  in  a  w id e  
v a rie ty  o f  a p p lic a tio n s . T h e  av erag e  em iss io n  fo r a ll so u rces  
w as  e s t im a te d  to  b e  a ro u n d  123 000 to n s  y e a r-1 in  E u ro p e  
(30). T h e  to ta l  d e p o s i tio n  flux  o f  P b  in  th e  s o u th e r n  b ig h t 
o f  th e  N o r th  S ea  w as  e s t im a te d  to  b e  13.8 kg  k m -2 y e a r -1 , 
w h ich  is  2200 to n s  y e a r-1 (2). G aso line  c o m b u s tio n  a c c o u n ts  
fo r  m o re  th a n  50%  o f  th e  P b  em iss io n , b u t  th e  in t ro d u c t io n  
o f  u n le a d e d  g a so lin e  sh o u ld  h a v e  re d u c e d  th is  n u m b e r  
d ra m a tic a lly . O th e r  m a jo r  e m itte rs  a re  co a l c o m b u s tio n , 
P b  p ro d u c tio n , C u - N i  p ro d u c tio n , Z n - C d  p ro d u c t io n , th e  
s te e l in d u s try , a n d  c e m e n t fac to rie s  (4). T h e  s ize  o f  P b-
c o n ta in in g  p a rtic le s  v a rie s  b e tw e e n  0.3 a n d  0.8 fim  a n d  
se e m s to  b e  g e n e ra lly  sm a lle r  th a n  fo r  C r-c o n ta in in g  
p a rtic le s .
T ab le  3 sh o w s th e  h ig h  a b u n d a n c e  o f  “p u r e ” P b  p a rtic le s  
(45% in  se c to r  5, u p  to  54%  in  s e c to r  2). T h e  re s u lts  fo r  
s e c to r  1 a re  o n ly  b a s e d  o n  fo u r  p a r tic le s , so  n o  s ta tis tic a l 
c o n c lu s io n s  c a n  b e  m a d e . A c c o rd in g  to  F e rg u s so n  (33), 
m e ta llic  Pb , P b C 0 3, o r  P b  o x id es  (all o f  w h ic h  c o u ld  b e  th e  
so -c a lle d  “p u re ” P b , b e c a u se  o n ly  e le m e n ts  w ith  Z  > 11 a re  
d e te c te d  in  ED EPXMA) a re  c re a te d  in  v a rio u s  p ro c e s se s : 
em iss io n s  o f co a l-fired  p o w e r s ta tio n s , c e m e n t a n d  fe rtilize r 
p ro d u c tio n , b a se  m e ta l sm e ltin g , a n d  ev e n  a u to m o tiv e  
e x h a u s t c a n  e v en tu a lly  re s u lt  in  s u c h  sp ec ie s . T h e  m a in  
c o m p o n e n ts  in  ag e d  v eh ic le  a e ro so ls  a re  o x y lead  sp ec ie s : 
P b C 0 3, (P b 0 )2-P b C 0 3, P b S 0 4, a n d  P b O  (34). T h e re fo re , it 
is r a th e r  c o m p lic a te d  to  a ss ig n  th e s e  “p u r e ” P b  p a r t ic le s  to  
o n e  p a r tic u la r  so u rce . T h e  size  o f  th e s e  p a rtic le s  is  r a th e r  
sm a ll (0.4 ftm).
abundance diameter relative concentration (weight %)
particle type total abun (%) (/rm) of main elements detected by EPXMA
Sector 1: North/Northwest
pure Pb 75 75 0.4 Pb(100)
Al/Pb 25 25 0.6 Al(60), Pb(40)
Sector t  Northeast/East
pure Pb 53.6 53.6 0.4 PbdOO)
Pb/high -Z 24.1 8.7 0.5 K(4), Zn(64), Pb(27)
5.6 0.5 Zn(46), Pb(52)
4.7 0.7 Fe(56), Zn(19), Pb(12)
3.5 0.5 Cu(54), Zn(5), Pb(38)
1.6 0.8 Si(5), 0(3), Sn(66), Pb(23)
Pb chlorides 12.3 9.9 0.7 0(58), Pb(39)
2.4 0.6 0(40), K(11),Zn(22), Pb(27)
Pb/medium-Z 6.6 3.8 0.6 P(4), Ca(47), Pb(34)
2.8 0.4 K(63), Zn(4), Pb(33)
Si/Pb 3.3 3.3 0.5 Al(5), Si(56), Fe(6), Zn<4), Pb<22)
Sector 3: Southeast/South
pure Pb 48.4 48.4 0.4 PbdOO)
Pb chlorides 32.7 9.6 0.4 0(73), Pb(27)
9.5 0.7 0(60), Pb(40)
6.5 0.8 0(49), Pb(51)
4.2 0.6 0(54), Pb(23)
2.9 0.7 0(40), Pb(18), P(4), Ca(5), Fe(10), Zn(25)
Pb/medium-Z 10.9 3.8 0.3 P(40), 0(5), Pb(53)
3.3 0.8 Ca(55), Zn<8), Pb(35)
2.0 0.5 Al(27), P(13), Ti(4), Cr(8), Sn(3), Pb(40)
1.8 0.4 0(15), K(40), Ca(6), Pb(38)
Pb/high-Z 6.9 4.2 0.7 Fe(56), Zn(13), Pb(19)
2.7 0.4 Zn(55), Pb(43)
Si/Pb 1.1 1.1 1.0 Al(6), Si(47), K(4), Fe(7), Zn(14), Pb(20)
Sector 4: Southwest/West
pure Pb 49.8 49.8 0.5 PbdOO)
Pb chlorides 23.3 23.3 0.7 0(52), Zn(3), Br(4), Pb(38)
Pb/high-Z 18.1 10.5 0.5 Fe(3), Zn(46), Pb(48)
6.6 0.5 P(13), Ca(11), Cu(16), Pb(47)
1.0 0.7 Cadi), Sn(59), Pb(31)
Si/Pb 6.3 6.3 0.6 Si(38), Ca(3), Fe(29), Zn(8), Pb(20)
Pb/medium-Z 2.4 2.4 0.7 0(4), K(62), Pb(35)
Sector 5: Local
pure Pb 44.7 44.7 0.4 PbdOO)
Pb chlorides 34.9 21.1 0.6 0(68), Pb(28)
13.8 0.7 0(48), Zn(3), Br(3), Pb(38)
Si/Pb 11.2 11.2 0.5 Al (1), Si(8), P(5), Mn(2), Fe(13), Zn(24), Pb(36)
Pb/medium-Z 6.2 3.9 0.3 P(6), Ca(50), Pb(38)
2.3 0.3 K(60), Zn(2), Pb(37)
Pb/high-Z 3.0 3.0 0.4 0(6), Cu(54), Pb(38)
T h e  s e c o n d  m o s t  a b u n d a n t  p a rtic le  ty p e  w a s  Pb 
c h lo r id e s . T h e se  p a r tic le s  o rig in a te  fro m  c a r  e x h a u s t 
e m iss io n s  a n d  h a v e  b e e n  s tu d ie d  ex tensively  (35,36). T he 
p r im a ry  m a te r ia l f ro m  th e  ex h a u s t o f  c a rs  is PbCIBr. 
H ow ever, PbO , Pb(O H )C l, Pb(O H )Br, a n d  so m e tim e s  P b S 0 4 
a n d  P b  m a y  o ccu r. PbC IB r re a c ts  in  th e  a tm o s p h e re  w ith  
m a n y  p ro d u c ts , a ll re su ltin g  in  th e  loss o f h a lid e s  a n d  finally  
p ro d u c in g  P b  su lfa te s , n itra te s , a n d  o x id es (33). T he 
d e te c te d  p e rc e n ta g e s  o f  tra ffic -re la ted  p a r tic le s  in  th e  
d if fe re n t se c to rs  c o rre la te  q u ite  w ell w ith  th e  a m o u n t  o f 
c a r  tra ffic  in  th e s e  sec to rs : s e c to r  5 (35%) a n d  s e c to r  3 
(33%) h a d  a ir  m a sse s  p a s s in g  o v e r  d en se ly  p o p u la te d  a reas  
in  B elg ium , T h e  N e th e rla n d s , a n d  G erm any. S ec to r 4  (23%) 
a lso  h a s  a  lo t  o f  traffic , b u t  it is m u c h  m o re  d is ta n t  fro m  
th e  s a m p lin g  a rea . T h ere fo re , th e  p a rtic les  h a d  m u c h  m o re  
t im e  to  re a c t w ith  a tm o sp h e r ic  c o m p o u n d s . N o P b  h a lid e s  
w e re  fo u n d  in  s e c to r  1 (m a rin e  sec to r).
A n o th e r  d e te c te d  p a r tic le  ty p e  w as P b  a ss o c ia te d  w ith  
P, C a, o r  K. P a rtic le s  c o n ta in in g  P a n d /o r  C a a re  p ro b a b ly
lin k e d  to  e m iss io n s  b y  c e m e n t m a n u fa c tu r in g  o r  fe rtilize r 
p ro d u c tio n . Z n  a n d  Cl w ere  so m e tim e s  fo u n d  in  asso c ia tio n  
w ith  P b  p a rtic le s  h o ld in g  K. T h e y  m ig h t b e  c o n n e c te d  to  
e m iss io n s  fro m  re fu se  in c in e ra t io n , w h ic h  is  k n o w n  to  b e  
a  m a jo r  so u rc e  o f  a irb o rn e  h e a v y  m e ta ls  (37). P b  w a s  fo u n d  
to g e th e r  w ith  Z n  in  a  lo t o f  p a r t ic le s  c lassified  as P b /h ig h -  
Z, b u t  a lso  w ith  o th e r  h e a v y  m e ta ls  su c h  as  S n  a n d  Cu. 
F e rro a llo y  p ro d u c tio n  is  p ro b a b ly  th e  m a in  e m itte r  o f  th e s e  
ty p es  o f  p a rtic le s . T h e ir  a b u n d a n c e s  v a rie d  b e tw e e n  3.0%  
in  se c to r  5 a n d  24%  in  s e c to r  2. P b  p a r tic le s  in  c o rre la tio n  
w ith  Si c a n  b e  a s so c ia te d  w ith  so il. T h is  m ig h t b e  p a r tly  
tru e  s in ce  w in d b lo w n  so il d u s t  is  k n o w n  to  b r in g  20  000 
to n s  o f  P b  in to  th e  a tm o s p h e re  g lo b a lly  ev ery  y e a r  (30), b u t  
th e y  c o u ld a ls o b e f ly  a s h  p a rtic les , c o n ta in in g  h ig h  a m o u n ts  
o f  h eav y  m e ta ls  (33). T h ese  p a r tic le s  s o m e tim e s  c o n s t itu te  
u p  to  50%  o f  th e  p a r tic le  a b u n d a n c e  in  th e  N o r th  S ea 
a tm o sp h e re  (6). O th e r  p o ss ib ilitie s  fo r  P b  s ilica tes  a re  b a se  
m e ta l sm e ltin g  a n d  re f in in g  (33).
abundance diameter relative concentration (weight %)
particle type total abun (%) (/»m) of main elements detected by EPXMA
Sector 1: North/Northwest
no Zn-containing
particles encountered
Sector Z. Northeast/East
Fe/Zn 48.5 30.9 0.5 Fe(72),Zn(18)
17.6 0.5 S(19), Fe(41), Zn(27)
Zn sulfides 25.8 13.5 0.4 S(38), Zn(58)
12.3 0.5 S(60), Zn(26)
pure Zn 8.7 8.7 0.4 Zn(100)
Si/Zn 7.8 7.8 0.8 Al(6), Si(23), S(12), K(10), Zn(90), Sn<4)
Zn/high -Z 5.7 5.7 0.5 Cl(4), Zn(51), Pb(38)
Zn/medium-Z 3.4 3.4 0.5 Cl(12), Ca<59), Zn(11)
Sector 3: Southeast/South
Fe/Zn 59.6 59.6 0.5 S(4), Fe(65), Zn(20)
Zn chlorides 16.0 16.0 0.6 CK28), Zn(48), Pb(9)
Zn sulfides 15.6 15.6 0.5 S(48), CK5), Fe(7), Zn(26)
Si/Zn 8.8 8.8 0.5 Si<42), Mn(6), Fe(17), Zn(18)
Sector 4: Southwest/West
Fe/Zn 45.5 29.6 0.6 Fe(73), Zn(14)
15.9 0.6 Si(6), SOO), Fe(45), Zn<22)
Zn sulfides 18.8 11.0 0.5 S(59), Ca(6), Zn(20)
7.8 0.4 S(40), Zn(57)
Zn/high-Z 15.1 6.2 0.7 P(8), Cu(5), Zn(58), Sn(9), Pb(10)
6.2 0.5 Zn(38), Pb(59)
2.7 0.4 Cr(58), Fe(28), Zn(8)
Si/Zn 10.5 10.5 0.9 Al(13), Si(50), S(7), Fe(8), Zn(11>
Zn chlorides 10.2 10.2 0.7 Si(7), S(12), CK49), Zn(20), Pb(5)
Sector 5: Local
Fe/Zn 39.8 16.7 0.5 Fe(63), Zn(28)
15.8 0.6 Fe(83), ZndO)
7.3 0.6 Si(2), S(9), Ca(3), Mn(26), Fe(40), Zn(18)
Zn sulfides 32.1 11.1 0.5 S(34), CK30), Zn(32)
9.2 0.4 S(65), Zn(28), As(4)
6.0 0.4 S(44), Zn(51)
5.8 0.6 S(29), Fe(37), Zn(26)
Si/Zn 8.1 4.9 0.7 AK16), Si(19), S(9), Fe(25), Zn(13)
3.2 0.7 AK8), Si(54), S<6), Fe(6),Zn(16)
pure Zn 7.3 7.3 0.3 ZndOO)
Zn chlorides 6.9 6.9 0.7 CK53), Zn(30), Pb(7)
Zn/high-Z 3.6 3.6 0.4 P(7), K(7), Zn(44), Pb(34)
Zn/medium-Z 2.1 2.1 0.9 P(12), S(13), Ca(55), Zn(16)
Z in c -C o n ta in in g  P a r t ic le s . E xcep t fo r se c to r  1, p a rtic le s  
c o n ta in in g  Z n  w e re  fo u n d  in  all sec to rs . T h is  c lea rly  p o in ts  
to  th e  fa c t th a t  a  m a r in e  so u rc e  fo r Z n  is v e ry  u n lik e ly . In  
th e  o th e r  s e c to rs  to g e th e r , 2815 Z n -r ic h  p a r t ic le s  w e re  
d e te c te d , w h a t  is  a lm o s t tw ice  a s  m u c h  a s  P b -c o n ta in in g  
p a rtic le s . As fo r  C r a n d  P b , w e  p e rfo rm e d  h ie ra rc h ic a l, 
n o n h ie ra rc h ic a l, a n d  fuzzy  c lu s te rin g  o n  th e  c o m b in e d  Z n - 
r ic h  p a r tic le s  fo r th e  five d iffe ren t sec to rs . T h is  a g a in  
re s u lte d  in  th e  id e n tif ic a tio n  o f  se v e n  m a jo r  Z n -c o n ta in in g  
p a r tic le  ty p e s  (T able 4). T h e  m o s t im p o r ta n t  g ro u p  is th e  
F e - Z n  p a rtic le s , w h ic h  c o n s t itu te  u p  to  60%  o f  th e  p a r tic le  
a b u n d a n c e  (se c to r 3). D e p e n d e n t o n  th e  w in d  d ire c tio n , 
Z n  su lfid es  m a k e  u p  b e tw e e n  16% a n d  32%  o f  th e  Z n  
p a rtic le s . Z n  c h lo r id e s , o f te n  in  th e  p re s e n c e  o f  P b , w e re  
fo u n d  to  a c c o u n t fo r a p p ro x im a te ly  5 —16% o f  th e  d e te c te d  
p a rtic le s . L ess a b u n d a n t  g ro u p s  w e re  “p u r e ” Z n  p a rtic le s , 
Z n  c o rre la te d  w ith  m e d iu m -Z  e le m e n ts  su c h  a s  C a  a n d  P, 
h ig h -Z  e le m e n ts  su c h  as  P b  a n d  Sn, a n d  Z n  p a r tic le s  w ith  
s ig n ific a n t c o n c e n tra tio n s  o f  Si. T h e  p a r tic le  s ize  o f  Z n - 
c o n ta in in g  p a r tic le s  s e e m s  to  v a ry  b e tw e e n  0.3 a n d  1.0 /xm. 
T h ese  ra th e r  sm all v a ria tio n s  m ak e  s ize -re la ted  in te rp re ta ­
t io n  o f  th e  d a ta  d ifficult.
W orldw ide , m o s t  Z n  p ro d u c tio n  o rig in a te s  f ro m  Z nS  
m in e ra ls , w h ic h  a re  c o n v e rte d  in to  m eta llic  Z n  in  a  se r ie s  
o f  p ro cesse s . T h e  m a in  u se  o f Z n  is in  g a lv an iz in g  iro n  a n d  
s te e l p ro d u c ts , w h ic h  a re  c o a te d  w ith  a  lay e r o f  Z n  in  o rd e r  
to  in c re a se  th e  c o rro s io n  re s is tan ce . Z n  is  a lso  u s e d  in  
n u m e ro u s  Z n - b a s e  alloys, w h ic h  a re  u tiliz e d  in  a  w id e  
v a rie ty  o f  a p p lic a tio n s  su c h  as N i - Z n  b a tte r ie s . O th e r  
a p p lic a tio n s  o f  Z n  a re  in  p lu m b in g  m a te ria ls , as a  c a ta ly s t 
in  v u lc a n iz a tio n  p ro c e s se s  (Zn ox ides), in  p a in ts  (ZnS), a n d  
in  co sm e tic  a n d  p h a rm a c e u tic a l p ro d u c ts . N a tu ra l Z n  
e m iss io n s  (43.5 x  106 kg  y e a r-1), w ith  w in d b lo w n  d u s t  a s  
a  m a jo r c o n tr ib u to r , a re  e s tim a te d  to  b e  a lm o s t 10 t im e s  
lo w er th a n  th e  c o m b in e d  in d u s tr ia l e m iss io n s  (314 x  106 
k g y e a r -1). H ere  th e  m a in  so u rces  a re  p rim a ry  Z n  p r o d u c ­
tio n , iro n  a n d  s te e l in d u s tr ie s , in d u s tr ia l a p p lic a tio n s , c o a l 
a n d  w o o d  c o m b u s tio n , a n d  w a s te  in c in e ra t io n  (4 ,39). T h e  
y ea rly  to ta l  d e p o s itio n  flux o f  Z n  in to  th e  s o u th e rn  b ig h t 
o f  th e  N o r th  S ea  w as  c a lc u la te d  to  b e  28 kg  k m -2 y e a r -1 , 
w h ic h  is a p p ro x im a te ly  4432 to n s  p e r  y e a r fo r  th e  to ta l  a re a  
o f  th e  s o u th e rn  b ig h t (2).
As fo r Cr, th e  m o s t a b u n d a n t  g ro u p  o f  Z n  p a r t ic le s  is 
p a rtic le s  c o n ta in in g  h ig h  a m o u n ts  o f  Fe. S o m e tim e s  th e s e
p a rtic le s  h e ld  sm a ll c o n c e n tra tio n s  o f  S a n d  Si. R ybicka 
(31) fo u n d  sig n ifican t c o n c e n tra tio n s  o f  Z n  (2 0 0 -2 5 0 0  p p m ) 
in  m in e ra l d u s ts  c o n ta in in g  Fe (m ag n e tite  a n d  h e m a tite )  
e m itte d  b y  th e  d iffe ren t s tag es o f  th e  m eta llu rg ica l p ro d u c ­
t io n  p ro c e s se s  b y  k n o w in g  th a t  th e  iro n  a n d  s tee l in d u s tr ie s  
a re  th e  s e c o n d  m o s t  im p o r ta n t  so u rc e  o f  a tm o sp h e r ic  Z n  
(4), a n d  c o n s id e r in g  th e  la rg e  a m o u n t o f  m e ta llu rg ica l 
co m p le x e s  in  a  r a th e r  s h o r t  d is ta n c e  to  o u r  s a m p lin g  a re a  
(n o r th e rn  F ran ce , R u h r a re a , G en t a rea , a n d  M a n c h e s te r  
a re a ) , th is  m ig h t e x p la in  th e  la rg e  a m o u n t o f  Z n -c o n ta in in g  
F e -r ic h  p a rtic le s . S tro n g  c o rre la tio n s  fo r Fe, Z n , a n d  M n  
ab o v e  th e  N o r th  S ea  (s e c to r 5) h av e  b e e n  re p o r te d  b e fo re  
b y  B aey en s a n d  D e d e u rw a e rd e r  (40). T h ey  re c o g n iz e d  
m e ta llu rg ic a l e m iss io n s  fro m  D u n k e rq u e , G ravelines, a n d  
B o u lo g n e  as p o in t  so u rc e s  fo r  th e se  e le m e n ts .
Z n  su lfid es a re  th e  s e c o n d  m o s t a b u n d a n t  g ro u p  in  th re e  
o u t  o f  fo u r  se c to rs . T h e y  m ig h t b e  p a rtly  re la te d  to  
w in d b lo w n  Z n  o res , w h ic h  a re  m o s tly  s to re d  u n c o v e re d  
a n d  th e re fo re  easily  ta k e n  u p  b y  th e  w in d , a n d  w h ic h  easily  
re a c t  to  y ie ld  a  n u m b e r  o f  s e c o n d a ry  m in e ra ls . T h ese  
m in e ra ls , su c h  as  Z n C 0 3, c a n  b e  p a r t ly  re s p o n s ib le  fo r th e  
d e te c te d  “p u re "  Z n  p a r tic le s  (again , lo w -Z  e le m e n ts  a re  
n o t  d e te c te d  b y  o u r  m e th o d ) . T h e  re a c t io n  b e tw e e n  Z n  
o x id es a n d  su lfu ric  ac id , d u r in g  re le a se  in  m e ta llu rg ica l 
p ro c e s se s , m ig h t a lso  y ie ld  a  fra c tio n  o f  th e  d e te c te d  Z n - S  
p a rtic le s .
I n  sec to rs  3 - 5 ,7 - 1 6 %  o f  th e  p a rtic le s  w ere  Z n  ch lo rid es. 
T h e  m a jo r  p a r t  is p ro b a b ly  lin k e d  to  e m iss io n s  o f  re fu se  
in c in e ra tio n . T h e  v a p o riz a tio n  o f  v o la tile  e le m e n ts , a m o n g  
w h ic h  a re  h ea v y  m e ta ls , d u r in g  c o m b u s tio n  is  fo llo w ed  b y  
c o n d e n s a t io n  o f  th e s e  e le m e n ts  o n  sm a ll p a r tic le s  p re s e n t 
in  th e  e x h a u s t  T h e  h ig h  c o n c e n tra tio n s  o f  Cl sp e c ie s  in  
th e  g as s tre a m  p ro v id e s  a n  ex ce llen t o p p o r tu n ity  to  fo rm  
v o la tile  m e ta l c h lo r id e s  (37). In  th e  c o a rse  f ra c tio n  o f  
in c in e ra to r  p a rtic le s , M a m a n e  (41) fo u n d  a ll p a r tic le s  to  
c o n ta in  a t  le a s t  so m e  Z n , K, a n d  Cl. H e  s ta te d  th a t  th e se  
p a r tic le s  w e re  fo rm e d  th ro u g h  th e  c o n d e n sa tio n  o f  v o la tile  
Z n , K, a n d  Cl o n  ex is tin g  m in e ra ls . T h is ty p e  o f  p a rtic le  
w a s  th e  o n ly  s ig n ific a n t h ea v y  m e ta l-c o n ta in in g  g ia n t 
p a r tic le  ty p e  fo u n d  in  th e  N o r th  Sea a e ro so l (7).
In  m o s t  se c to rs , a p p ro x im a te ly  10% o f  th e  Z n -ric h  
p a r tic le s  c o n ta in e d  a  s ig n ifican t p e rc e n ta g e  o f  SL T h ey  
m ig h t b e  p a rtia lly  re la te d  to  w in d b lo w n  so il d u s t, s in c e  th e  
av e ra g e  Z n  c o n c e n tra t io n  in  so il is  100 p p m , b u t  so m e  
c o n ta in  m o re  th a n  1000 p p m  (42). O n  th e  o th e r  h a n d , 
th e s e  Z n -r ic h  p a rtic le s  a re  p ro b a b ly  fo r a  sig n ifican t frac tio n  
fly  a sh  (ju st a s  P b /S i p a rtic le s ) , w h ich  is k n o w n  to  c o n ta in  
im p o r ta n t  c o n c e n tra tio n s  o f  h eav y  m e ta ls  (38, 43). A lso, 
th e  sm a ll av e rag e  d ia m e te r  o f  th is  g ro u p  (0.5 pm) p o in ts  to  
a  s ig n ific a n t a n th ro p o g e n ic  frac tio n . A lth o u g h  th e  c o n ­
c e n tr a tio n s  o f  h e a v y  e le m e n ts  su c h  as Cr, P b , a n d  Z n  m ig h t 
n o t  b e  h ig h  e n o u g h  in  m o s t  fly a sh  p a rtic le s  to  b e  d e te c te d  
w ith  o u r  m e th o d , th is  d o e s  n o t  m e a n  th a t  th e y  d o  n o t  
c o n tr ib u te  to  th e  a tm o s p h e r ic  in p u t  o f  tr a c e  m e ta ls  to  th e  
N o r th  Sea.
O th e r  le ss  fre q u e n tly  o c c u rr in g  p a r tic le  ty p e s  w ere  Z n  
in  a s s o c ia tio n  w ith  P b , C r, a n d  Sn. A gain , fe rro a llo y  
p ro d u c tio n  is p re su m a b ly  th e  m a in  so u rce  o f th e se  particles. 
A b u n d a n c e s  w e re  a s  h ig h  a s  15% (sec to r 4). Z n  a sso c ia te d  
w ith  m e d iu m -Z  e le m e n ts  s u c h  a s  C a  a n d  P  is likely  d e riv ed  
fro m  th e  m a n u fa c tu re  o f p h o sp h a te  fertilizer o r  fro m  c e m e n t 
p ro d u c t io n  (30).
G e n e ra l O v erv iew . T h e  c o m b in e d  in te rp re ta t io n  o f th e  
th r e e  c lu s te r  te c h n iq u e s  p ro d u c e d  5 - 7  m a jo r  p a r tic le  types 
c o n ta in in g  Cr, P b , o r  Z n . M o s t o f  th e  p a r tic le  ty p es  w ere
d irec tly  o r  in d ire c tly  c o n n e c te d  to  e m iss io n s  o f  th e  m e ta l­
lu rg ical in d u stry , w h ic h  is e m in e n tly  p re s e n t in  th e  n o r th e rn  
p a r t  o f  F ran ce , th e  G e rm a n  R u h r a rea , a n d  th e  in d u s tr ia l  
c e n te rs  in  th e  m id d le  o f  th e  U n ite d  K ingdom . A m a jo r  p a r t  
o f  P b -r ic h  p a rtic le s  w as fo u n d  to  b e  a ss o c ia te d  w ith  
a u to m o tiv e  e x h au st. Less im p o r ta n t  so u rc e s  w e re  c e m e n t 
p ro d u c t io n  a n d  re fu se  in c in e ra tio n .
O n  to p  o f  th is , w e s h o u ld  n o t  fo rg e t th a t  c o n c e n tra tio n s  
lo w er th a n  1000 p p m  c a n n o t b e  d e te c te d  w ith  ED EPXMA. 
T h u s, w e  m u s t  p re s u m e  th a t  a t  le a s t  a  fra c tio n  o f  th e  
p a rtic le s  c o n ta in in g  lo w er c o n c e n tra tio n s  o f  Cr, P b , a n d  
Z n  w e re  n o t  id e n tif ie d  as h e a v y  m e ta l-c o n ta in in g , b u t  
in d e e d  c o n tr ib u te  to  th e  a tm o sp h e r ic  h eav y  m e ta l in p u ts . 
A n  im p o r ta n t e x am p le  o f  su c h  a  p a r tic le  ty p e  is fly a sh , 
w h ic h  c o n s t itu te s  a  m a jo r  p a r t  o f  N o r th  S ea  p a r t ic u la te  
m a tte r . O n ly  a  sm a ll fra c tio n  o f  th e s e  fly a sh  p a r tic le s  w e re  
fo u n d  w ith  h ea v y  m e ta l c o n c e n tra tio n s  h ig h e r  th a n  1000 
p m m . T h is d o e s  n o t  m e a n  th a t  th e y  do  n o t  c o n tr ib u te  to  
th e  h eav y  m e ta l in p u ts , w h e n  c o n s id e r in g  th e  h ig h  a m o u n ts  
o f  fly  a sh  p a rtic le s  in  so m e  sec to rs .
O u r re su lts  p ro v id e  a m p le  e v id e n c e  fo r th e  a p p a r e n t  
ex is ten ce  o f  a  h ea v y  m e ta l-c o n ta in in g  N o r th  S ea  a e ro so l. 
I t  w as m a in ly  o v erlo o k ed  in  p re v io u s  in v e s tig a tio n s  u s in g  
s in g le -p a r tic le  a n a ly s is , b e c a u s e  th e s e  p a r t ic le s  a re  
"d ro w n e d ” in  a n  ex cess  o f  o th e r , m o re  a b u n d a n t ,  p a r tic le  
ty p e s  su c h  as  se a  sa lt a n d  a lu m in o s ilic a te s . T h e  e n o rm o u s  
n u m b e r  o f  p a rtic le s  (48 000) o b ta in e d  b y  o u r  a u to m a te d  
analysis m e th o d  allow s u s  to  a c q u ire  m u c h  m o re  sta tis tica lly  
re liab le  resu lts  th a n  b y  m a n u a l s in g le -p a rtic le  ana lys is, w ith  
w h ic h  o n ly  a  few  h u n d re d  p a r tic le s  c a n  b e  a n a ly z e d  in  a  
re a so n a b le  tim e . It is  exactly  th is  h u g e  d a ta b a s e  th a t  
a llo w ed  u s  to  fo cu s  o n  sp ec ia l, lo w -a b u n d a n t p a r t ic le  ty p e s  
su c h  as h ea v y  m e ta l-c o n ta in in g  p a rtic le s .
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Ca-containing particles, especially CaS04 particles, 
have been encountered in several atmospheric 
aerosol studies. An overview is given of the different 
sources of airborne Ca-containing particles. The 
North Sea atmosphere is studied to identify the different 
Ca-containing particle types and to find the correlation 
between their occurrence and the source regions of 
the corresponding air masses. About 50 000 
individual aerosol samples were collected above the 
Southern Bight of the North Sea for several wind 
directions and analyzed for their composition using 
electron probe X-ray microanalysis. Nonhierar- 
chical cluster analysis is performed on the data to 
reveal the different particle types, their relative abun­
dances and their sources. CaS04 in most cases 
constitutes the largest fraction of the Ca-containing 
particles. Extremely high numbers of CaS04 particles 
are found for northeastern winds, coming from the 
central part of Germany, suggesting that a greatfraction 
is derived from anthropogenic sources located in 
this region. Among the other Ca-containing particle 
types are the aluminosilicates, CaC03, Fe-Ca-rich 
particles, and CaS04 or CaC03 in combination with NaCI.
Introduction
P r io r  s tu d ie s  h a v e  p o in te d  o u t  th a t  a tm o s p h e r ic  d e p o s i tio n  
is  a  m a jo r  s o u r c e  fo r  th e  in p u t  o f  s o m e  h e a v y  m e ta ls  in to  
th e  S o u th e r n  B ig h t o f  th e  N o r th  S e a  (.1,2). T h e  p re s e n c e  
o f  q u ite  c o n s id e ra b le  a m o u n ts  o f  C a S 0 4 p a r t ic le s  in  sev era l 
s tu d ie s  o f  th e  N o r th  S e a  a tm o s p h e re ,  a s  w ell a s  th e  p o ss ib le  
in te r a c t io n  o f  h y g ro s c o p ic  p a r t ic le s  in  c lo u d  fo rm a tio n  
p ro c e s s e s  (3), r e s u l te d  in  a  g ro w in g  in te r e s t  in  th is  ty p e  o f 
p a r t ic u la te s  a n d  th e i r  e m is s io n  s o u r c e s  (4—7). I n  th is  w ork , 
w e  th e re fo re  w a n t  to  g ive  a n  o v e rv ie w  o f  th e  s o u rc e s  o f  
a irb o rn e  C a -c o n ta in in g , e sp ec ia lly  C a S 0 4) p a rtic le s . N e ith e r 
ty p e  o f  p a r t ic le  h a s  e v e r  b e e n  s tu d ie d  in  m o re  d e ta il. Several 
s o u rc e s  h a v e  b e e n  r e p o r te d  b y  v a r io u s  a u th o r s , b u t  th e y  
h a v e  n e v e r  b e e n  g a th e r e d  in  o n e  p a p e r .  W e d is c u s s  th e  
re s u lts  o f  a u to m a te d  e le c tro n  p r o b e  X -ray  m ic ro a n a ly s is  o f 
a ir b o rn e  p a r t ic u la te  m a t te r ,  c o l le c te d  in  th e  N o r th  S ea  
a tm o s p h e r e  w ith  th e  a id  o f  a n  a ir p la n e .  S in g le -p a r tic le  
an a ly s is , c o m b in e d  w ith  m u ltiv a r ia te  s ta tis tic a l a p p ro a c h e s ,
like n o n h ie ra rc h ic a l  c lu s te r  a n a ly s is , h a s  p ro v e n  to  b e  a  
u se fu l to o l i n  a i r  p o llu t io n  s tu d ie s  a n d  e sp e c ia lly  in  t h e  
a p p o r t io n m e n t  o f  th e  d if fe re n t a e ro s o l so u rc e s  (7-11).
Experimental Section
Sampling Strategy. T h e  s a m p le s  u s e d  w e re  ta k e n  o v e r  t h e  
S o u th e rn  B ig h t o f  th e  N o r th  Sea, u s in g  a  tw in -e n g in e  P ip e r  
C h ie fta in  PA  3 1 -3 5 0  ca ll s ig n  P H -E C O  o f  G e o se n s  B.V. C o . 
T h e  a irc ra ft is  e q u ip p e d  w ith  a n  is o k in e tic  in le t  fo r  t h e  
s a m p lin g  o f  p a r t ic u la te  m a t te r  (12). I n  o u r  e x p e r im e n ta l 
se tu p , a  47  m m  d ia m e te r  “a e ro s o l-g ra d e ” N u c le p o re  f i l te r  
w ith  0.4 pm  p o r e  s ize  is  u s e d . N in e te e n  flig h ts  w e re  m a d e , 
o f  w h ich  16 y ie ld e d  u se fu l s a m p le  se ts . A ll s a m p lin g  f lig h ts  
w e re  p e r f o rm e d  in  th e  s a m e  w ay. A t th e  G o e re e  p la t fo rm  
(p o s itio n  5 1 °5 5 ' N , 03°40 ' E ), a n  u p w a rd  sp ira l tr a c k  w a s  
p e rfo rm e d , d u r in g  w h ic h  th e  te m p e r a tu r e  in v e rs io n  h e ig h t  
is lo ca lized . O n c e  th is  w a s  a c h ie v e d , t r a c k s  w e re  f lo w n  a t  
six  d if fe re n t h e ig h ts  e q u a lly  s p a c e d  u n d e r  th e  in v e r s io n  
layer. F ilte r s a m p le s  w e re  c o lle c te d  o n  e a c h  track . All t r a c k s  
w e re  flo w n  p a ra l le l  to  th e  w in d  d ire c tio n . T h irty -s ix  h o u r  
b a c k - tra je c to r ie s  w e re  c a lc u la te d  b y  th e  K NM I (D e B ilt, th e  
N e th e r la n d s )  fo r  fo u r  d if fe re n t lev e ls  (1000, 900, 850, a n d  
700 m b ar) . M o re  d e ta i ls  o n  th e  s a m p lin g  c a m p a ig n  c a n  b e  
fo u n d  e ls e w h e re  (13).
Chemical Analysis. S in g le -p a r tic le  a n a ly s is  w a s  d o n e  
b y  e le c tro n  p r o b e  X -ray  m ic ro a n a ly s is  (EPXMA) u s in g  a  
JEOL JXA-733 s u p e r p ro b e  (T okyo, J a p a n )  e q u ip p e d  w ith  a  
T N -2000  e n e rg y -d isp e rs iv e  X -ray  d e te c t io n  sy s te m  (T ra c o r  
N o rth e rn , M id d le to n , USA). A  m o d ifie d  p a r tic le  re c o g n itio n  
a n d  c h a ra c te r iz a t io n  (PRC, T ra c o r  N o r th e rn , M id d le to n , 
WI) so f tw a re  p a c k a g e , th e  733B p ro g ra m , a llo w e d  u s  to  
p e rfo rm  a u to m a te d  in d iv id u a l p a r t ic le  a n a ly s is . O n c e  th e  
p a rtic le s  a re  lo ca lized , th e i r  d ia m e te r , a re a , a n d  s h a p e  fa c to r  
a re  c o m p u te d , a n d  f in a lly  a n  X -ray  s p e c t ru m  is  a c ­
c u m u la te d . F o r  e a c h  s a m p le  (o n e  p e r  f lig h t tra c k ), u p  to  
500  p a r tic le s  w e re  a n a ly z e d .
Numerical Analysis. T o  a llo w  a  c o m p a r is o n  b e tw e e n  
th e  re s u lts  fo r  d if fe re n t w in d  d ir e c tio n s , a ll flig h ts  w e re  
c lassif ied  in to  five w in d  s e c to rs  a c c o rd in g  to  th e  o r ig in  o f  
th e  a ir  m a s s e s  a s  in f e r re d  f ro m  th e  b a c k - tra je c to r ie s :  
n o r th e a s t - e a s t  (N E-E), s o u th e a s t - s o u th  (SE-S), s o u th w e s t-  
w est (SW-W), n o r th w e s t (NW ) (F igure  1), a n d  a  “lo c a l” s e c to r  
(w ith  v a r ia b le  w in d  d re c t io n s ) . D a ta  r e d u c t io n  a n d  in t e r ­
p re ta tio n , in  p a r t ic u la r  c la s s if ic a tio n  o f  p a r tic le s  w ith  s im ila r  
c h e m ic a l c o m p o s it io n  in to  “p a r t ic le  g r o u p s ”, w a s  d o n e  b y  
c lu s te r  a n a ly s is . All e le m e n ts  th a t  w e re  d e te c te d  in  m o r e  
th a n  1% o f  t h e  p a r t ic le s  w e re  c o n s id e re d , i.e ., N a , M g, Al, 
Si, P, S, C l, K, C a, Ti, V, C r, M n , Fe, N i, C u , Z n , a n d  P b . 
C lu s te rin g  w a s  p e r f o rm e d  o n  th e  n o rm a liz e d  e le m e n ta l  
X -ray  in te n s i t ie s  u s in g  th e  so f tw a re  p a c k a g e  D P P  (14). 
B ecau se  o f  t h e  g re a t n u m b e r  o f  p a r t ic le s , h ie ra rc h ic a l 
c lu s te r in g  re q u ir e s  a n  e n o rm o u s  a m o u n t  o f  c o m p u te r  t im e  
fo r c a lc u la tin g  th e  d is ta n c e s  b e tw e e n  th e  p a r t ic le s  in  e a c h  
cycle  o f  th e  h ie ra rc h ic a l  c lu s te r in g . T h e re fo re , w e  u s e d  th e  
n e a re s t  c e n tr o id  so r tin g  m e th o d  o f  Forgy, a  n o n h ie ra rc h ic a l 
c lu s te r in g  p ro c e d u r e .  T h e  n u m b e r  o f  c lu s te rs  (p a r tic le  
g ro u p s) is  d e te r m in e d  b y  th e  so -c a lle d  c o n s is te n t  A k a ik e ’s 
in fo rm a t io n  c r i te r io n  (C A IQ , a  m a th e m a t ic a l  f u n c t io n  
b a s e d  o n  th e  r e la t io n  b e tw e e n  o rd e r , e n tro p y , a n d  in fo r ­
m a tio n  o f  a n  is o la te d  sy s te m . I ts  v a lu e  re a c h e s  a  m in im u m  
fo r  th e  o p t im u m  n u m b e r  o f  c lu s te rs . T h e  c r i te r io n  is
FIGURE 1. Classification of the different sampling flights into five 
sectors (the local sector is not shown). The indicated lines are the 
corresponding 1000 hPa air mass trajectories for air masses arriving 
at the sampling site.
d is c u s s e d  in  m o re  d e ta i l  b y  B o n d a re n k o  e t  al. (75). T h e  
p ro g ra m  fo r  c a lc u la tin g  th e  c r ite r io n  fo rm s p a r t  o f  th e  h o m e ­
m a d e  in te g r a te d  d a ta  a n a ly s is  sy s te m  (IDAS), w h ic h  h a s  
r e c e n d y  b e c o m e  a v a ila b le  (76). A fter th e  c lu s te r in g , Z A F  
c o r r e c t io n  (a  m a th e m a t ic a l  p ro c e d u re  to  c o r r e c t  th e  
o b s e rv e d  X -ra y  in te n s i t ie s  fo r  d iffe re n c e s  in  m a tr ix  c o m ­
p o s i t io n  b e tw e e n  s ta n d a r d s  a n d  u n k n o w n  sa m p le s )  w a s  
c a r r ie d  o u t  in  o rd e r  to  c o n v e r t  th e  re la tiv e  p e a k  in te n s i t ie s  
in to  e le m e n ta l  w e ig h t c o m p o s it io n s .
Results and Discussion
O n ly  th e  N W  se c to r , w h ic h  c o n ta in s  o n ly  fligh t 6, c a n  b e  
re g a r d e d  a s  p u re ly  m a r in e . T h e  re su lts  o f  tw o  se c to rs  re f le c t 
th e  c o n t in e n ta l  in f lu e n c e , n a tu r a l  as w ell a s  a n th ro p o g e n ic . 
T h e s e  a r e  t h e  N E -E  s e c to r , in c lu d in g  flig h ts  5 ,1 5 ,  17, 18, 
a n d  19, f o r  w h ic h  th e  a i r  m a s s e s  h a v e  p a s s e d  o v e r  B e lg iu m , 
th e  N e th e r la n d s ,  G e rm a n y , a n d  so m e  e a s te rn  E u ro p e a n  
c o u n tr ie s ,  a n d  th e  SE-S s e c to r , in c lu d in g  flig h ts  7 , 8, a n d  
13, in f lu e n c e d  b y  B e lg iu m , th e  s o u th e rn  p a r t  o f  G e rm a n y , 
a n d  th e  n o r th e r n  a n d  e a s te r n  p a r ts  o f  F ra n c e . S a m p le s  
c o lle c te d  d u r in g  flig h ts  2, 3, 11, a n d  12 c h a ra c te r iz e  th e  
SW -W  s e c to r  a n d  a re  re la te d  to  th e  in f lu e n c e s  o f  th e  U n i te d  
K in g d o m  a n d  th e  n o r th w e s te r n  p a r t  o f  F ra n c e , b u t  a ls o  to  
s o m e  e x te n t  th o s e  o f  th e  n o r th  A tlan tic  O c e a n  a n d  th e  
E n g lish  C h a n n e l .  F in a lly , a e ro s o ls  c o lle c te d  d u r in g  flig h ts  
4 , 9, a n d  14 w e re  o b ta in e d  u n d e r  lo w  w in d  s p e e d  a n d  
v a r ia b le  w in d  d ir e c t io n  c o n d it io n s ; th e re fo re , th e y  a re  
c la s s if ie d  i n  th e  lo c a l s e c to r .
(1) Investigation of the Ca-Containing Particles. C lu s­
t e r  a n a ly s is  w a s  p e r f o rm e d  o n  th e  EPXMA d a ta  in  o r d e r  to  
id e n tify  t h e  d if fe re n t ty p e s  o fC a -c o n ta in in g p a r tic le s  ( th e se  
a r e  p a r t ic le s  w ith  a  C a  c o n te n t  >0% ). S in ce  w e  a re  m a in ly  
in te r e s te d  in  th o s e  p a r t ic le s  in  w h ic h  C a is n o t  ju s t  a  m in o r  
e le m e n t,  w e  m a d e  a  s e le c tio n  o f  a ll th e  p a r t ic le s  h a v in g  a  
re la tiv e  C a  X -ray  p e a k  in te n s i ty  >10%  o f  t h a t  f ro m  all 
e le m e n ts  (h e re a f te r  th e s e  p a r t ic le s  w ill b e  c a lle d  “C a- 
e n r ic h e d ” p a r t ic le s , n o t  to  b e  c o n fu se d  w ith  C a -r ic h
TABLE 1
Ca >  10 Fraction for the Different Flights 
(Averaged over the Six Tracks) and Sectors
Ca > 10 Ca > 10
flight no. fraction (%) flight no. fraction (%)
northwest southwest-west
6 1.6 2 16
northeast-east 3 12
5 39 11 7
15 31 12 15
17 24 average 12
18 18 local
19 17 4 16
average 26 9 13
southeast-south 14 17
7 12 average 15
8 13
13 16
average 14
p a rtic le s , u s e d  in  o th e r  s tu d ie s , w h ic h  a re  c o m p o s e d  o f  
m a in ly  C a). So, b y  u s in g  th is  th r e s h o ld  v a lu e , th e  c lu s te rs  
sh o u ld  b e  b e t te r  s e p a ra te d , a n d  th e re fo re  in te r p r e ta t io n  o f  
th e m  sh o u ld  b e  eas ie r. C o m p a rin g  th e  n u m b e r s  o f  p a r tic le s  
a fte r  se le c tio n  w ith  th e  o rig in a l n u m b e r  o f  a n a ly z e d  p a rtic le s  
y ie ld s  th e  “C a  > 1 0 ” fra c tio n , w h ic h  is  r e p o r te d  fo r  a ll flig h ts  
a n d  s e c to rs  in  T a b le  1. T h e  v a lu e s  s h o w n  fo r  e a c h  f lig h t 
a re  th e  a v e ra g e s  o v e r  th e  six  track s.
(1.1) Fraction of Ca-Enriched Particles. W e c a n  see  
fro m  th e s e  re s u lts  th a t ,  in  g en e ra l, th e  v a lu e  o f  th e  C a  >  
10 f r a c tio n  ra n g e s  fro m  7%  to  18% . F o u r  flig h ts  a re  
e x c e p tio n s  to  th is  ru le : flig h t 6 w ith  o n ly  1.6% , flig h t 5 w ith  
39% , flig h t 15 w ith  31% , a n d  fligh t 17 w ith  24% . T h e  lo w e r 
fra c tio n  fo r fligh t 6 is  d u e  to  th e  g re a t c o n tr ib u t io n  o f  s e a sa lt 
p a r t ic le s  in  th is  s e c to r  a s  a  re s u lt  o f  th e  m a r in e  o rig in  o f  th e  
c o r re s p o n d in g  a ir  m a s s e s  a n d  is p r o b a b ly  a lso  d u e  to  th e  
s e a  b e in g  o n ly  a  m in o r  so u rc e  o f  C a -e n r ic h e d  p a r t ic u la te s . 
T h e  v a lu e s  o f  fligh t 17 a n d  e sp e c ia lly  f lig h ts  5  a n d  15 a re  
r a th e r  h ig h . All th r e e  flig h ts  b e lo n g  to  th e  N E -E  se c to r , a n d  
th e ir  re sp e c tiv e  a ir  m a sse s  h a v e  p a s s e d  o v e r n e a r ly  th e  sa m e  
reg io n s , in c lu d in g  G e rm a n y  a n d  th e  N e th e r la n d s , su g g e s t­
in g  so m e  v e ry  im p o r ta n t  so u rc e s  o f  C a  in  th i s  re g io n . W e 
a lso  fo u n d , b y  in s p e c tin g  th e  C a  >  10 f r a c tio n s  fo r  th e  
d if fe re n t t r a c k s  se p a ra te ly , th a t  C a  is  d is tr ib u te d  r a th e r  
h o m o g e n e o u s ly  o v e r  th e  s ix  tra c k s  fo r  e a c h  f lig h t (sm a ll o r  
n o  d e c re a s in g  o r  in c re a s in g  t r e n d s ) , e x c e p t a g a in  fo r  fligh ts 
5 a n d  15, w h e re  h ig h e r  fra c tio n s  a re  fo u n d  in  th e  lo w er 
tra c k s  (u p  to  49%  a n d  39%  fo r th e  s ix th  tr a c k  o f  flig h ts  5 a n d  
15, re sp ec tiv e ly ). T h e se  lo w e r tra c k s  c o r r e s p o n d  to  a ir  
m a s se s  c o m in g  fro m  e v e n  a  sm a lle r  re g io n , th e  c e n tr a l  a n d  
n o r th e r n  p a r t s  o f  G e rm a n y  a n d  th e  N e th e r la n d s .  T h e  h ig h  
v a lu e s  fo r  th e s e  flig h ts  re s u lt  in  a  h ig h  C a  f r a c tio n  fo r  th e  
w h o le  N E-E  s e c to r  (26%  in  c o m p a r is o n  to  15%  fo r  th e  lo ca l 
s e c to r  a n d  e v e n  lo w e r fra c tio n s  in  th e  o th e r ) . T h e  b ig  
d if fe re n c e  b e tw e e n  th e  tw o  c o n t in e n ta l  s e c to rs  (N E-E  a n d  
SE-S) m ig h t su g g e s t th a t  m a in ly  a n th r o p o g e n ic  so u rc e s  a re  
re s p o n s ib le  fo r  th e  h ig h  v a lu e s  in  th e  N E -E  se c to r .
(1.2) Cluster Analysis for the Ca-Enriched Particles. 
T h e  n o n h ie ra rc h ic a l c lu s te r  an a ly s is  o f  th e  C a -e n r ic h e d  (C a 
> 1 0 )  p a r t ic le s  sh o u ld  p ro v id e  u s  w ith  th e  d if fe re n t p a r t ic le  
ty p e s . T h e  n u m b e r s  o f  c lu s te rs , d e te r m in e d  b y  th e  CAIC 
c r i te r io n , a re  s lig h tly  d if fe re n t fo r th e  five  s e c to rs . E x cep t 
fo r  th e  N W  sec to r, fo r  w h ic h  fo u r  d if fe re n t c lu s te rs  a re  fo u n d , 
th e  n u m b e r  o f  g ro u p s  is  s ix  o r  sev en . T h e  re s u lts , a f te r  ZAF 
c o rre c tio n , a re  s u m m a r iz e d  in  T a b le  2.
T h e  re s u lts  fro m  e n r ic h m e n t f a c to r  (EF) a n d  b a c k - 
tr a je c to ry  c a lc u la tio n s  sh o w  th a t  th e  m a r in e  s o u rc e s  o f
TABLE 2
Results of the Nonhierarchical Clustering of the Data after Selection of the Ca-Enriched Particles
cluster no.
elemental composition (wt %)
(relative to all elements detectable by EPXMA) classification abundance (%)
1
Northeast-East
Ca(48) S(45) CaS04 49
2 Si(43) Al(19) Ca(17)Fe<12) aluminosilicates 14
3 Ca(30)Si(20) S(19)AI(12) Fe(8) 11
4 Fe(34) Ca(27) S(23) 9.1
5 Ca(58) S(10) P(5) 7.6
6 Fe(68) Cad 3) 5.6
7 Ca(96) Ca-rich 4.3
1
Southeast-South
Ca(48) S(43) CaS04 36
2 Si(43) Ca(20)AI(13) Fe(11) aluminosilicates 17
3 Ca(26) S(26) Si(15) Fe(5) 16
4 Fe(43) Ca(19) S(13)Zn(10) 13
5 Ca(63) P(10) Pb(9) 10
6 Fe(79) Ca<10) 7.8
1
Southwest-West
Ca(46) S(42) CaS04 33
2 Si(42) Al(17) Ca(17) Fe(13) aluminosilicates 15
3 Cl(57) Na(22) Ca(15) NaCI-CaCOs 14
4 Ca(83) Ca-rich 13
5 Ca(31)S(15) Si(14) Fe(13) 12
6 0(32) Ca(28) S(17) Na(11) NaCl—CaS04 7.4
7 Fe(73) Ca(13) 6.4
1
Northwest
0(42) Na(36) Ca(12) S(8) NaCI-CaS04 48
2 Ca(51) S(36) CaS04 31
3 Ca(47) Fe(15) Si(14) Mg(8) 15
4 Si(47) Al(27) Ca(17) Fe<9) aluminosilicates 6.3
1
Local
Ca(48) S(43) CaS04 41
2 Si(42) Al( 19) Ca(17) Fe(12) aluminosilicates 18
3 Ca(21) S(20) Na(18) 0(6) 14
4 Ca(51) P(11) Pb(6) 11
5 Ca(90) Ca-rich 9.2
6 Fe(77) Ca<13) 7.7
a tm o s p h e r ic  C a  c o m p o u n d s  a re  le s s  im p o r ta n t  th a n  th e  
la n d - b a s e d  o n e s , n a tu r a l  o r  a n th ro p o g e n ic . O n ly  a b o u t  
25%  o f  a i r b o r n e  C a  c o m e s  fro m  th e  s e a  (f  7), a n d  a t  le a s t  
60%  o f  C a  is c o m in g  fro m  n o n s o i l  so u rc e s  (18). So i t  s e e m s  
th a t  a  c o n s id e ra b le  a m o u n t  o f  th e  a tm o s p h e r ic  C a c o n te n t  
is  o r ig in a t in g  f ro m  a n th r o p o g e n ic  so u rc e s .
W ith  th i s  in fo rm a t io n , w e  tr ie d  to  r e la te  th e  d if fe re n t 
p a r tic le  ty p e s  th a t  re s u lte d  fro m  o u r  c lu s te r in g  w ith  p o ss ib le  
so u rc e s . F ro m  T a b le  2  i t  is  c le a r  th a t ,  in  e v e ry  c a se , C a S 0 4 
is  th e  m o s t  a b u n d a n t  p a r tic le  ty p e , e x c e p t fo r th e  N W  se c to r. 
In  th e  N E -E  se c to r , th e s e  p a r t ic le s  a re  e v e n  re s p o n s ib le  fo r  
h a lf  o f  th e  C a -e n r ic h e d  p a r t ic le s  (49%) (e x p re sse d  re la tiv e  
to  all e le m e n ts  d e te c ta b le  b y  EPXMA, so  ex c lu d in g  e le m e n ts  
w ith  Z  <  11; th i s  d e f in i t io n  w ill b e  u s e d  sy s te m a tic a lly  
b e lo w ), b u t  a lso  in  th e  o th e r  s e c to rs  th e y  c o n s t i tu te  m o r e  
th a n  30%  o f  th e  to ta l  lo a d  o f  C a -e n r ic h e d  p a r t ic le s  (local, 
41% ; SE-S, 36% ; SW -W , 33% ; NW , 31% ). T h e  so u rc e s  fo r  
th e s e  a i r b o rn e  p a r t ic u la te s  a re  d is c u s se d  in  p a r t  2.2.
T h e  a lu m in o s il ic a te s  a re  th e  s e c o n d  m o s t  im p o r ta n t  C a- 
e n r ic h e d  g ro u p  f o r th e  c o n t in e n ta l  s e c to rs  (N E-E a n d  SE-S) 
th e  lo c a l a n d  th e  SW -W  se c to rs , b u t  th e i r  a b u n d a n c e  is  
m u c h  le s s  t h a n  th a t  o f  C a S 0 4 (on ly  14—18%). F o r th e  m a r in e  
s e c to r , h o w e v e r , th e y  c o n s t i tu te  th e  le a s t  a b u n d a n t  g ro u p  
(6.3% ). C o n s id e r in g  th e  m a jo r  e le m e n ts , th e  c o m p o s it io n  
o f  th is  c lu s te r  is  n e a r ly  th e  s a m e  fo r e v e ry  se c to r: 4 2 —47  
w t % Si, 1 3 - 2 7  w t % Al, 1 7 - 2 0  w t % C a, a n d  9 - 1 2  w t % Fe. 
T h e  s o u r c e s  fo r  th is  a i r b o rn e  p a r t ic u la te s  a re  so il d u s t ,  
t r a n s p o r te d  in to  th e  a ir  b y  t h e  a c t io n  o f  e ro s io n  a n d  w in d  
(19—21), s ta c k  e m is s io n s  f ro m  c o a l- f ire d  p o w e r  p la n ts  a n d  
b o ile rs  (22), a n d  p r o b a b ly  a lso  e m is s io n s  fro m  w a s te
in c in e ra to r s ,  w h ic h  a re  c h a ra c te r iz e d  b y  th e  s a m e  e le m e n ts  
in  s im i la r  p ro p o r t io n s  (23).
T h u s  fa r , th e  r e s u lts  fo r  th e  d if fe re n t se c to rs  a re  v e ry  
a lik e . C o n c e rn in g  th e  o th e r  g ro u p s , th e r e  is  s t il l  a  g o o d  
re s e m b la n c e  b e tw e e n  th e  m a in  e le m e n ta l  c o m p o s it io n s  o f  
m o s t  o f  th e  c lu s te rs , b u t  th e r e  a re  so m e  d iffe ren ces  b e tw e e n  
th e  s e c to r s  in  th e ir  re la tiv e  im p o r ta n c e .  In  a ll th e  a i r  m a sse s  
t h a t  h a v e  tra v e le d  o v e r  th e  s e a  to  s o m e  e x te n t, a  c lu s te r  is 
f o u n d  t h a t  is  m a in ly  c o m p o s e d  o f  Cl, N a, C a, a n d  S. 
E x a m in in g  th e  c o m p o s it io n  o f  t h e  in d iv id u a l p a r t ic le s  in  
th e s e  c lu s te r s  re v e a le d  th a t  w e  a re  d e a lin g  w ith  m ix e d  
p a r t ic le s  (a ll fo u r  e le m e n ts  p re s e n t) ,  so  th e  c o m b in a tio n  o f  
th e s e  e le m e n ts  is  n o t  t h e  re s u l t  o f  th e  c la s s if ic a tio n  o f  tw o  
d if f e re n t  p a r t ic le  ty p e s , e .g ., C a S 0 4 a n d  N aCl, in  o n e  a n d  
th e  s a m e  c lu s te r . T h e  h ig h  N a  a n d  C l c o n te n t  c a n  b e  
a t t r i b u te d  to  th e  se a , t h e  m a in  s o u rc e  o f  a tm o s p h e r ic  N aC l 
a e ro s o ls , w h ic h  is  c o n f i rm e d  b y  th e  a b s e n c e  o f  th e s e  
p a r t ic le s  in  c o n tin e n ta l  a ir  m a s se s . A lso, th e  C a  c o m p o n e n t 
m a y  o r ig in a te  f ro m  th e  s e a  u n d e r  th e  fo rm  o f  C a C 0 3 
(c o c c o lith s ) , a s  r e p o r te d  b y  R o jas  a n d  V an  G rie k e n  (19), 
w h ic h  t h e n  m ig h t r e a c t  w ith  a tm o s p h e r ic  su lfu r  c o m ­
p o u n d s .  H o w e v e r, o n e  m u s t  n o t  fo rg e t th e  p o s s ib le  
c o a g u la t io n  b e tw e e n  a i rb o rn e  C a S 0 4 a n d  N aC l p a r tic u la te s . 
T h e s e  p a r t ic le s  c o n s t i tu te  n e a r ly  h a lf  o f  th e  C a -e n r ic h e d  
p a r t ic le s  in  th e  N W  s e c to r  (48% ), w h ile  in  th e  lo c a l s e c to r  
th e y  a re  t h e  th i rd  m o s t  a b u n d a n t  p a r t ic le  ty p e  (14% ). In  
th e  S W -W  se c to r , th e y  a re  m u c h  le s s  im p o r ta n t  ( th e  s e c o n d  
la s t  g ro u p ) ;  h o w e v e r, h e re ,  th e r e  is  a  s im ila r  g ro u p  th a t  is 
m u c h  m o r e  im p o r ta n t  w ith  a  s im ila r  c o m p o s it io n , ex c e p t 
fo r  t h e  s u lfu r  c o n te n t ,  w h ic h  is  n o w  m u c h  low er. T h is  c a n
b e  in t e r p r e te d  as  th e  c o a g u la tio n  b e tw e e n  C a C 0 3, w h ic h  
m a y  b e  p a r t ly  d e r iv e d  f ro m  th e  cliffs a lo n g  th e  E n g lish  
C h a n n e l ,  s i tu a te d  in  th is  s e c to r  (7), a n d  N aC l o r  a s  th e  
in c o m p le te  r e a c t io n  b e tw e e n  m a r in e  p a r tic le s  a n d  a tm o ­
s p h e r ic  su lfu r . In  th is  s e c to r , th e  ro le  o f  th e  s e a  in  th e  
fo r m a t io n  o f  th is  p a r t ic le  ty p e  is  v e ry  c le a r  if  o n e  c o n s id e rs  
th e  r e s u l ts  fo r  th e  d if fe re n t flig h ts  se p a ra te ly ; th e  p a r t ic le s  
a re  m u c h  m o r e  a b u n d a n t  in  th e  sa m p le s  c o lle c te d  d u r in g  
f l ig h ts  11 a n d  12, w h e n  th e  a ir  w a s  p a ss in g  m a in ly  o v e r  th e  
E n g lish  C h a n n e l ,  th a n  d u r in g  flig h ts  2 a n d  3, w h e n  th e  a ir  
w a s  c o m in g  f ro m  th e  UK.
T h e  th i r d  m o s t  a b u n d a n t  C a -e n r ic h e d  p a r t ic le s  in  b o th  
o f t h e  c o n t in e n ta l  a ir  m a s s e s  (N E-E, 11% ;SE-S, 16%) w h ic h  
a re  a ls o  p r e s e n t  in  th e  SW -W  s e c to r  (12% ), a re  c o m p o s e d  
o f  C a  ( 2 6 - 3 1  w t % ), S ( 1 5 - 2 6  w t % ), Si (1 4 - 2 0  w t % ), a n d  
F e  (5 —13 w t  %) a n d  s o m e tim e s  a lso  c o n ta in  s o m e  Al. T h e  
c o m b in a t io n  o f  C a, S, a n d  Si c a n  b e  th o u g h t o f  a s  b e in g  
C a S 0 4 p a r t ic le s  w ith  a  s i l ic a te  c o re  a n d  a re  m o s t  lik e ly  
fo r m e d  b y  c o m b u s t io n  p ro c e s s e s  (24). T h is  ty p e  o f  C a- 
e n r ic h e d  p a r t ic le s  is  a b s e n t  in  th e  lo c a l a n d  th e  m a r in e  
s e c to rs .
E x c e p t fo r  th e  m a r in e  s e c to r , F e - C a - r ic h  p a r t ic le s  a re  
p r e s e n t  e v e ry w h e re . T w o  d if fe re n t F e - C a - r ic h  p a r t ic le  
ty p e s  c a n  b e  fo u n d . T h e  f irs t o n e , w h ic h  is  p r e s e n t  in  e a c h  
o f  t h e  f o u r  s e c to rs , is  c o m p o s e d  o f  m a in ly  F e  ( 6 8 - 7 9  w t %) 
a n d  C a  (1 0 —13 w t %) b u t  is th e  le a s t  a b u n d a n t  c lu s te r  in  
a lm o s t  e v e ry  s e c to r  (5 .6% —7.8% ). T h e  s e c o n d  ty p e  is 
p r e s e n t  o n ly  in  th e  c o n t in e n ta l  a ir  m a sse s  a n d  is  c h a r a c ­
te r iz e d  b y  F e  ( 3 4 - 4 3  w t % ), C a  (1 9 - 2 7  w t %), a n d  a lso  S 
(1 3 —23 w t  %) b u t  w ith  a b u n d a n c e s  th a t  a re  s o m e w h a t 
h ig h e r  (9 .1%  fo r th e  N E -E  s e c to r  a n d  13% fo r th e  SE-S 
s e c to r ) .  A c c o rd in g  to  H o p k e  (23), s u c h  F e - C a - r ic h  e m is ­
s io n s  a r e  c h a ra c te r is t ic  fo r  se w a g e  s lu d g e  in c in e ra t io n  a n d  
s e v e ra l f e r ro u s  m e ta l- r e la te d  s o u rc e s . T h e se  a s s u m p tio n s  
a re  s u p p o r te d  b y  th e  p re s e n c e  o f  s o m e  h e a v y  m e ta ls  like 
P b  a n d  Z n  (25).
C lu s te r s  c o n ta in in g  o n ly  C a  a re  id e n tif ie d  as  C a C 0 3 (24) 
(C  a n d  O  c a n n o t  b e  d e te c te d  b y  o u r  m e th o d ) . In  o u r  
c lu s te r in g , th e s e  p a r t ic le s  a re  p r e s e n t  m a in ly  in  th e  SW -W  
s e c to r  (13% ) b u t  a re  a lso  in  th e  lo c a l (9.2%) a n d  th e  N E-E  
s e c to r s  (4 .3% ). As m e n t io n e d  e a rlie r , a irb o rn e  C a C 0 3 c a n  
b e  o f  m a r in e  o rig in  o r  f ro m  s o u rc e s  o n  th e  la n d . T h e  la t te r  
in c lu d e  b o th  n a tu r a l  a n d  a n th r o p o g e n ic  s o u rc e s . A n  
im p o r ta n t  n a tu r a l  so u rc e , w h ic h  m ig h t ex p la in  th e  re la tiv e ly  
h ig h e r  a b u n d a n c e  in  th e  SW -W  se c to r , is  a g a in  th e  cliffs 
a lo n g  th e  E n g lish  C h a n n e l  (7). In d u s tr ia l  s o u rc e s  w ith  
im p o r t a n t  C a  e m is s io n s  a r e  th e  p ro d u c t io n  o f  c o n s t ru c t io n  
m a te r ia ls  lik e  a s p h a l t  a n d  c o n c re te  b a tc h  p la n ts  a n d  
l im e s to n e  k iln s  (20,23). O th e r  im p o r ta n t  c a lc ite -e m itt in g  
in d u s tr i e s  a re  iro n  a n d  s te e l  p la n ts ,  c h e m ic a l p la n ts ,  h e a t-  
a n d  p o w e r -g e n e ra t in g  p la n ts  a n d  c e m e n t p la n ts  (20, 2 6 -  
28), a g r ic u ltu ra l  lim in g  (20, 27, 28), a n d  th e  a b ra s io n  o f  
s t r e e ts  a n d  b u ild in g s  (28).
T h e  id e n t if ic a t io n  o f  th e  r e m a in in g  p a r t ic le  ty p e s  is  le ss  
c le a r; h o w e v e r , th e  c o m b in a t io n  o f  C a  a n d  P fo u n d  m a in ly  
in  t h e  lo c a l  a n d  th e  SE-S s e c to rs  a n d  a lso  in  th e  N E -E  m ig h t 
s u g g e s t t h e  c e m e n t  in d u s try  (23).
(2) A Closer Look at the CaS04 Particles. (2.1) Fraction 
of CaS04 Particles. F ro m  th e  a b o v e  re su lts , i t  is  c le a r  th a t  
th e  C a S 0 4 p a r t ic le s  a re  jo in e d  in  a  s in g le  c lu s te r  fo r  e a c h  
o f  t h e  s e c to rs ,  p ro v id in g  u s  w ith  th e  n u m b e r  o f  C a S 0 4 
p a r t ic le s . I n  th e  fo llo w in g  d is c u ss io n , w e  u se  th e s e  n u m b e rs  
o f  C a S 0 4 p cu tic le s  to  m a k e  so m e  c o m p a r iso n s . T h e  
s e le c t io n  o f  th e  p a r t ic le s  w ith  a  re la tiv e  C a  in te n s i ty  g re a te r  
th a n  10%  s h o u ld  n o t  h a v e  a n y  in f lu e n c e  o n  th e  n u m b e r  o f
TABLE 3
Gypsum Fraction for the Different Flights (Averaged 
over the Six Tracks) and Sectors
CaS04 CaS04
flight no. fraction (%) flight no. fraction (%)
northwest southwest-west
6 0.5 2 7
northeast-east 3 7
5 29 11 2
15 12 12 2
17 12 average 4
18 5 local
19 4 4 5
average 13 9 6
southeast-south 14 7
7 5 average 6
8 5
13 5
average 5
C a S 0 4 p a r t ic le s , s in c e  th e  la t te r  b y  d e f in it io n  h a v e  a  C a  
c o n te n t  g re a te r  t h a n  10% . I n  T a b le  3, a  c o m p a r is o n  is  m a d e  
fo r  e a c h  f lig h t b e tw e e n  th e  C a S 0 4 p a r t ic le s  a n d  th e  o r ig in a l 
n u m b e r  o f  p a r t ic le s  (c a lle d  th e  C a S 0 4 fra c tio n ) .
F o r  th e  d if fe re n t f lig h ts , i t  c a n  b e  s a id  th a t  a s  a  g e n e ra l 
ru le  th e  v a lu e  o f  th e  C a S 0 4 f r a c t io n  lie s  b e tw e e n  2%  a n d  
7% . A g a in , so m e  o u tly in g  v a lu e s  a re  p r e s e n t  fo r  flig h ts  
c la s s if ie d  in  th e  m a r in e  s e c to r  a n d  th e  N E-E  se c to r . F lig h t 
6  c o n ta in s  o n ly  0 .5%  o f  C a S 0 4 p a r t ic le s , w h ile  flig h ts  1 5 ,1 7 , 
a n d  e sp e c ia lly  5 c o n ta in  m u c h  m o re  o f  th e m  (12% , 12% , 
a n d  29% , re sp e c tiv e ly ). I t  is  a lso  c le a r  a g a in  th a t ,  a l th o u g h  
flig h ts  2 , 3, 11, a n d  12 h a v e  b e e n  jo in e d  in  o n e  a n d  th e  
s a m e  c lu s te r , th e r e  e x is ts  a  d if fe re n c e  b e tw e e n  th e  c o m ­
p o s i t io n  o f  th e  a ir  m a s s e s  c o r r e s p o n d in g  to  th e m . T h e  
C a S 0 4 f r a c tio n s  fo r  flig h ts  11 a n d  12, w h ic h  a re  in f lu e n c e d  
m a in ly  b y  th e  E n g lish  C h a n n e l ,  a re  r a th e r  lo w  (2% ), w h ile  
th e  f r a c tio n s  fo r  flig h ts  2  a n d  3, m a in ly  in f lu e n c e d  b y  th e  
UK, a re  h ig h e r  (7%). T o  g e t a  b e t te r  v iew  o n  th e  d e p e n d e n c e  
o f  th e  C a S 0 4 f ra c tio n s  o n  th e  o r ig in  o f  th e  a ir  m a s s e s  fo r  
th e  tw o  c o n t in e n ta l  s e c to rs , th e  b a c k - tra je c to r ie s  fo r  e a c h  
tra c k  w e re  c o m p a re d  a n d  o rd e r e d  g eo g rap h ica lly  f ro m  n o r th  
to  s o u th  (F ig u re  2 ). B a c k - tra je c to r ie s  w h ic h  w e re  to o  
v a r ia b le  a n d  c o u ld  n o t  b e  a s s ig n e d  to  a  s in g le  d ir e c t io n  
w e re  o m itte d .  T h e  c o r r e s p o n d in g  C a S 0 4 f r a c tio n s  f o r  th e  
o rd e r e d  tr a c k s  a re  r e p r e s e n te d  g ra p h ic a lly  in  F ig u re  2. A 
r e m a rk a b le  t r e n d  is  o b se rv e d . H ig h  v a lu e s  (10%  o r  m o re )  
a re  fo u n d  fo r a i r  m a s s e s  p a s s in g  o v e r  th e  n o r th e r n  p a r t  o f  
G e rm a n y  a n d  th e  N e th e r la n d s  a n d  e v e n  m u c h  h ig h e r  v a lu e s  
(u p  to  40% ) fo r  th e  c e n tr a l  p a r t  o f  G e rm a n y . F o r  w in d  
d ir e c tio n s  m o re  to  th e  s o u th ,  th e  C a S 0 4 f ra c tio n s  a re  m u c h  
lo w e r (less th a n  8%) a n d  m o r e  u n ifo rm ly  d is tr ib u te d . T h u s , 
i t  is  a p p a r e n t  t h a t  s o m e  v e ry  im p o r ta n t  C a S 0 4 s o u r c e s  a re  
s i tu a te d  in  G e rm a n y  a n d  i ts  n e ig h b o r in g  E a s te rn  E u ro p e a n  
c o u n tr ie s .
(2.2) Sources o f CaS04 Particles. Marine Sources o f  
CaSO4. T h e  o c c u r r e n c e  o f  p u r e  C a S 0 4 in  th e  a tm o s p h e re  
c a n  b e  th e  r e s u lt  o f  f r a c t io n a l  c ry s ta ll iz a tio n  o f  m a r in e  
a e ro s o ls  (29, 30). T h e  e v a p o ra t io n  o f  s e a w a te r  is  a c ­
c o m p a n ie d  b y  s e q u e n t ia l  c ry s ta ll iz a t io n  o f  se v e ra l sa lts : a s  
a  f irs t s te p ,  c a lc ite  (C a C 0 3) a n d  d o lo m ite  (C a M g (C 0 3)2) 
c ry s ta lliz e , n e x t g y p s u m  (C a S 0 4(aq )), fo llo w ed  b y  h a li te  
(N aC l), a n d  fin a lly  th e  M g —K sa lts  (31). In  th is  w ay , lo o se ly  
b o u n d  c o n g lo m e ra te s  o f  s e v e ra l p a r t ic le s  a re  fo rm e d  w h ic h  
a re  s h a t te re d  d u r in g  t r a n s p o r t  in  th e  a tm o s p h e re  o r  b y  
im p a c t io n  o n  th e  f ilte r  d u r in g  sa m p lin g . T h is  m ig h t  re s u l t  
in  th e  p re s e n c e  o f  o n e  o f  th e s e  p u r e  s a lts  in  th e  s a m p le s .
G y p su m  frac tio n  (%)
c o 3 8 K S S S è
FIGURE 2. Fraction of gypsum particles of ordered geographically from north to south for both of the continental sectors.
A n o th e r  m a r in e  so u rc e  o f  C a S 0 4, th o u g h  in d ire c t ,  is  th e  
re a c t io n  o f  m a r in e  C aC03 w ith  a tm o s p h e r ic  su lfu r  c o m ­
p o n e n ts ,  m a in ly  H 2S 0 4, fo rm e d  b y  th e  o x id a tio n  o f  S 0 2 
(d ire c t in d u s tr ia l  e m iss io n s ) , H 2S (a n a e ro b ic  d e c o m p o s i­
tio n ) , D M SO , o r  D M S (algae) (4,30,32). T h is  r e a c t io n  a lso  
ta k e s  p la c e  o n  th e  filte rs  d u r in g  a n d  a f te r  sa m p lin g , re su ltin g  
in  a  c le a n , f r e s h  a p p e a ra n c e  o f  th e  c ry s ta ls  (33, 34). T h e  
m a r in e  C a C 0 3, c o m in g  fro m  th e  s k e le to n s  o f  p e la g ic  
o rg a n ism s  a n d  c o c c o lith s , w h ic h  c re a te  a  su i ta b le  c h e m ic a l 
e n v ir o n m e n t fo r  th is  r e a c t io n  b e c a u s e  o f  th e i r  a lk a lin ity , is 
in t ro d u c e d  in  th e  a tm o s p h e re  b y  s e a  sp ra y .
Land-Based Sources o f  CaS04. A  v a r ie ty  o f  la n d - b a s e d  
so u rc e s  o f  C a S 0 4 h a v e  b e e n  su g g e s te d  in  th e  p a s t  b y  sev e ra l 
a u th o r s . V an  B o n n  e t  al. (35) in d ic a te d  th a t  p r im a ry  
a tm o s p h e r ic  C a S 0 4 p a rtic le s  a re  p ro d u c e d  b y  th e  w e a th e r­
in g  o f  l im e s to n e  b u ild in g s , c o v e re d  b y  a  c r u s t  o f  g y p su m , 
w h ic h  is fo rm e d  b y  in te ra c t io n  w ith  a tm o s p h e r ic  su lfu r  
c o m p o u n d s .  O th e r  so u rc e s  o f  C a S 0 4 a re  p ro p o s e d  b y  
B igg ins a n d  H a r r is o n  (36, 37), lik e  th e  a t t r i t io n  o f  b u ild in g  
m a te r ia ls  s u c h  a s  p la s te r  a n d  d u s ts  f ro m  q u a rr ie s , f ro m  
w h ic h  g y p su m  is  e x tra c te d  c o m m e rc ia lly . I n  th e  la t te r  c a se , 
th e  p a r t ic u la te s  a re  d e r iv e d  fro m  w in d  e ro s io n , b la s tin g , 
a n d  t r a n s p o r t  o f  th e  q u a r r ie d  m a te r ia l .  S till o th e r  s o u rc e s  
a re  r e p o r te d  b y  R y b ick a  (26), w h o  f in d s  g y p s u m  in  d u s ts  
e m i t te d  b y  m e ta llu rg ic a l p la n ts , a n d  b y  B ru y n se e ls  e t  al. 
(4), w h o  s u g g e s te d  c o m b u s tio n  p ro c e s s e s  a n d  e o lia n  
t r a n s p o r t  f ro m  th e  c o n tin e n t  a s  s o u r c e s  o f  C a S 0 4. T h e  
fo rm e r  is  a lso  im p lie d  b y  S h a ttu c k  e t  al. (24), w h o  a s s o c ia te  
th is  p a r t ic le  ty p e  w ith  th e  c o m b u s t io n  o f  c o a l. D el M o n te  
a n d  S a b b io n i (38), w h o  in v e s tig a te d  th e  m o rp h o lo g y  a n d  
th e  m in e ra lo g y  o f  fly  a sh  fro m  a  c o a l- fu e le d  p o w e r  p la n t , 
d is c o v e re d  th a t  th e  fly a sh , w h e n  e x p o s e d  to  a  h ig h  lev e l
o f  re la tiv e  h u m id ity ,  le a d s  to  th e  n u c lé a t io n  o f  g y p su m  
cry sta ls . T h e  g y p su m  is th u s  c o n f i rm e d  n o t  to  b e  a  
c ry s ta ll in e  p h a s e  o f  th e  fly a sh  e m is s io n s  b u t  to  h a v e  a n  
a irb o rn e  o r ig in  o n  th e  fly  a s h  p a r t ic le s . A lso , c a rb o n a c e o u s  
p a r t ic le s  e m i t t e d  b y  o il c o m b u s t io n  s e e m  to  b e h a v e  in  
th e  s a m e  w ay . S im ilarly , A n d re a e  e t  al. (30) f in d  C a S 0 4 
p a r t ic le s  o n  s i lic a te  a e ro s o l p a r tic le s . T h e se  a re  p r o d u c e d  
b y  th e  r e a c t io n  b e tw e e n  a c id  su lfa te s  a n d  s ilic a te  m in e ra ls  
b ro u g h t to g e th e r  b y  in -c lo u d  p ro c e s s e s , a n d  th e y  a re  
c h a ra c te r iz e d  b y  a  lo w  C a  c o n te n t  in  th e  s ilic a te  c o m p o n e n t  
b e c a u s e  o f  e x tr a c t io n  o f  C a  f ro m  th e  m in e ra ls  b y  H 2S 0 4. 
J u s t  a s  m a r in e  C a C 0 3, la n d -d e r iv e d  C a C 0 3 c a n  r e a c t  w ith  
a tm o s p h e r ic  S 0 2 o r  H 2S 0 4 to  fo rm  a ir b o rn e  C a S 0 4. T h e  
C a C 0 3 is p r e s e n t  in  d u s t  fro m  m e ta llu rg ic a l p la n ts , c h e m ic a l 
p la n ts ,  a n d  c e m e n t  p la n ts  (26) o r  is  o r ig in a tin g  f r o m  so il 
d u s t  a n d  r o a d  w e a r  (35). A c c o rd in g  to  Ic h ik u n i (39), i t  
c a n  a lso  b e  t h e  r e s u lt  o f  th e  w o r ld -w id e  s p r e a d in g  o f  
d e s e r t  d u s t ,  w h ic h  c o n ta in s  C a C 0 3 a s  a  m a jo r  c o n s t i tu e n t .  
A n o th e r  s o u rc e  o f  a irb o rn e  C a S 0 4 is  th e  d e s u lfu r iz a tio n  
p ro c e s s e s  in  th e r m a l  p o w e r  p la n ts  t h a t  u s e  l im e s to n e  fo r 
S 0 2 re m o v a l. B e s id e s  o th e r  s u lfu r  e m is s io n  c o n tr o l  t e c h ­
n iq u e s , tw o  l im e s to n e  in je c tio n  p ro c e s s e s  a re  a p p lie d . 
O n e  is a  d ry  p ro c e s s , in  w h ic h  l im e s to n e  is  in je c te d  in to  
th e  h ig h - te m p e r a tu r e  c o m b u s tio n  z o n e  a s  a  m ix tu re  
w ith  th e  c o a l, w h e re  i t  is  c a lc in e d  a s  C a C 0 3 —  C 0 2 +  C aO . 
P a r t  o f  th e  p r o d u c e d  C aO  re a c ts  in  th e  fu r n a c e  w ith  
S 0 2 to  p r o d u c e  C a S 0 4 as  C aO  4- S 0 2 +  0 .5O 2 — C a S 0 4. A 
se c o n d , m o r e  e ffec tiv e  l im e s to n e  in je c t io n  p ro c e s s  is  
th e  w e t v a r ia n t, w h ic h  is  in i t ia te d  lik e  th e  d ry  p ro c e s s , b u t, 
in  a d d it io n , t h e  c o m b u s tio n  flu e  g as  a n d  u n r e a c te d  l im e ­
s to n e  a re  s c r u b b e d  a f te r  th e  fu rn a c e  w ith  a  lim e  slu rry , 
w h ic h  flo w s d o w n  th r o u g h  a  m a rb le  b e d  in  th e  s c r u b b e r
fo r  f u r th e r  re m o v a l o f  S 0 2 (40-42). T h e  d if fe re n t flu e  
g a s  d e s u lfu r iz a tio n  p ro c e s se s  in  G e rm a n y  p ro d u c e  a b o u t  
1 M to n  o f  g y p s u m  e a c h  y ear. P a ru n g o  e t  al. (29), w h o  
m a d e  a  s tu d y  o f  p lu m e  a e ro so ls  f ro m  a  c o a l- f ire d  p o w e r  
p la n t  w h ic h  u s e s  s u c h  a  lim e  s lu r ry  to  s c ru b  th e  S 0 2 
g ases , fo u n d  th a t  a b o u t  10% o f  th e  p a r t ic le s  in  th e  
p lu m e  c o n s is te d  o f  c ry s ta llin e  o r  ir re g u la r  C a S 0 4 p a r tic le s . 
D ro p s  o f  th e  C a S 0 4 so lu tio n , fo r m e d  in  th e  s c ru b b e r ,  
e s c a p e  a lo n g  w ith  th e  flu e  gas, a re  t r a n s fo r m e d  in  so lid  
C a S 0 4 p a r t ic le s  a f te r  e v a p o ra t io n , a n d  a r e  re le a se d  in to  th e  
p lu m e .
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Abstract-The atmospheric input of up to 16 trace and other elements into the N orth  Sea is further assessed 
from aerosol concentrations measured at a coastal station in Belgium, on ships during two cruises, and on 
a platform, in the years 1992-1994. The Slinn and Slinn model is used to calculate the dry deposition from 
the measured aerosol concentrations. The total (dry and wet) deposition into the N orth  Sea environment is 
estimated to be (in tonnes per year): 560 for V , 1300 for Cr, 650 for N i, 690 for Cu, 3500 for Zn  and 1970 for 
Pb. The “giant” particles dominate the fluxes. The atmospheric contribution to the total input into the 
N orth  Sea, including riverine inputs and direct discharges, are estimated to be 28%  for Cu, 29%  for Zn  and 
57%  for Pb. The inputs estimated from the experimental data are compared with results from a model 
applied for the same area and period. The experimental and model results agree within 56%, which is 
considered as “satisfactory” in view of both the experimental and the model uncertainties. ©  1998 Elsevier 
Science Ltd. A ll rights reserved
K ey  word index: Aerosols, heavy metals, deposition fluxes, N orth Sea.
In  ad d itio n , th e  use o f T X R F  as a n  a p p ro p ria te  
an a ly tica l m e th o d  fo r a tm o sp h e ric  stud ies is co n ­
firm ed; it a llow s a  sh o rt sam pling  tim e of, e.g. h a lf  an  
h o u r, v ir tu a lly  n o  sam ple  p re p a ra tio n  an d  sim u lta ­
neo u s d e te rm in a tio n  o f 17 an d  m ore  elem ents w ith  
d e tec tio n  lim its d o w n  to  0.2 n g m ~ 3.
EXPERIMENTAL
Sampling strategy
The dry and wet deposition fluxes, reported here for the 
southern and central N orth Sea area, are derived from air­
borne concentrations measured over the N orth  Sea in the 
period between September 1992 and M ay 1994. A  huge data 
set of more than 1000 mass-segregated samples was collected 
during research cruises aboard the R /V  Belgica (21-27 A u­
gust 1993) and H r. Ms. Tydeman (M A P T IP  experiment, 11 
October-5 November 1993 (De Leeuw et a i,  1994), on the 
research platform "Nordsee” (FPN : 54°42'N, 7°10’E; N O S E  
Experiment’92, 2-21 September 1992) and at a station 
located approximately 100 m from the Belgian coastal line in 
Blankenberge (from October 1992 to M ay  1994). The sam­
ples on R /V  Belgica were taken during a cruise along the east 
coast of England, starting in Ipswich (52°3'N, 1°9'E); the end 
of cruise was at 54°27'N, 0°30'E. The M A P T IP  experiment 
was centred around the Dutch research tower Meetpost 
Noordwijk (M P N : 52°16'N, 4°17'E, 9 km from the Dutch 
coast). H r. Ms. Tydeman was used to study lateral homogen­
eity in this part of the N orth Sea along tracks of up to 
150-200 km from M P N . The sampling locations are in­
dicated in Fig. 1.
INTRODUCTION
B u d g et ca lcu la tio n s, b ased  o n  in p u ts  by  rivers, d irec t 
d ischarges, in c in e ra tio n  a n d  in d u s tr ia l w aste, suggest 
th a t  a tm o sp h e ric  in p u ts  o f  m eta ls  a n d  n u tr ie n ts  to  th e  
w o rld ’s o cean s a re  sign ifican t (Jickells, 1995). T h is 
view is su p p o r te d  by  m easu rem en ts  a t  sea  th a t  clearly  
d e m o n s tra te  n o t o n ly  th e  im p o rtan ce  o f  th e  a tm o ­
sp h eric  in p u t in  m ass te rm s b u t also  th e  n a tu re  o f  th e  
a tm o sp h e re /o c e a n  in te rac tio n .
In  th is p a p e r  w e re p o r t  o n  d ep o sitio n  fluxes b ased  
o n  size-segregated  a irb o rn e  c o n cen tra tio n s  th a t  w ere 
I o b ta in ed  by ap p ly ing  the  to tal-reflection  X -ray  fluores­
cence (T X R F ) an a ly s is  tech n iq u e  to  im p a c to r  sam ples 
co llec ted  in  th e  N o r th  Sea area . D ry  d ep o sitio n  
velocities w ere c a lc u la ted  from  these co n cen tra tio n s  
w ith  th e  S linn  a n d  S linn  (1980) m odel. W e t d ep o sitio n  
fluxes a re  d e riv ed  from  th e  m ean  ae ro so l c o n c e n tra ­
tions, ra in fa ll in ten sity  an d  th eo re tica l scavenging 
ra tes. In  c o m p a riso n  w ith  p rev ious w o rk  (R ojas et al., 
1993; B aeyens et ai, 1990; O ttley  a n d  H a rriso n , 1991; 
O ttley  a n d  H a rriso n , 1993; O tten  et ai, 1994), here  we 
co m b in e  m easu rem en ts  a t  a  co as ta l s ta tio n , on  sh ips 
a n d  o n  a  p la tfo rm  to  assess th e  a tm o sp h e ric  in p u ts  to  
th e  N o r th  Sea, a n d  w e co m p are  th e  resu lts  w ith  m odel 
ca lc u la tio n s  fo r th e  sam e a re a  a n d  p e rio d  o f tim e.
*  Author to whom correspondence should be addressed.
Fig. 1. The N orth  Sea map with the sampling locations (Belgian coastal station-Blankenberge, “Nordsee” 
platform -FPN, M P N  platform) and cruise tracks of R /V  Belgica and H r. Ms. Tydeman.
Size-segregated samples were collected utilizing a 7-stage 
Battelle cascade-impactor with cut-off diameters of 0.25,0.5, 
1, 2, 4, 8 and 16pm  at a flow-rate of 1.2 1 m i n ' T h e  
impactor was mounted inside a wind tunnel (Vawda et al., 
1992) where a forced air flow was maintained to avoid 
problems associated with non-isokinetic sampling of large 
particles (from 4 pm in diameter) with a cut-off that varies 
with wind direction and wind speed. The tunnel is directed 
into the wind by means of a light wind vane. A  ventilator 
produces a constant forced air stream inside the tunnel to 
adjust the linear velocity of the particles in the air exactly to 
the intake velocity in the sampling device. The aerosol was 
impacted on polished quartz discs (30 mm diameter, 3 mm  
thickness) that were also used as target in the T X R F  analysis. 
The discs were cut in a special way to allow for appropriate 
mounting above the stage orifice. A  steel spring presses them 
firm ly against the three disc holders.
Sample preparation and analysis
The use of the reflector holders of T X R F  as a sample 
support for the direct impaction of size-segregated airborne 
material is a rather new method that has not been widely 
attempted thus far (Schneider, 1989; Salvâ et al., 1993; In juk  
and Van Grieken, 1995a). Prior to the collection, the quartz 
discs were coated with silicone to reduce both blow-off and 
bounce-off effects. This was achieved by dispersing a 5 pi 
drop of silicone solution (SERVA, Polylab). After sample 
collection, a G a  solution aliquot was added as an internal 
standard. Subsequently, the samples were dried in an exsic­
cator under reduced pressure, and analyzed.
A ll samples were analyzed by T X R F . The prototype 
T X R F  module, used in this study, was developed in the 
Atominstitut in Vienna (Wobrauschek and Aiginger, 1975). 
The equipment consists of a 2 kW  M o  tube (Philips), T X R F  
unit and a Kevex Si(Li) detector, with a resolution of 165 eV  
at the M n  K a  line. The detector was positioned with the 
Be-window looking upward, at a distance of about 4 mm
from the sample on the reflector. The equipment is designed 
as a mechanically stable unit; once the adjustments were 
completed, a series of measurements could be analyzed with­
out any instrumental problems. It  generally allows for abso­
lute detection limits down to a few 100 pg. All samples were 
irradiated for 500 s at 20 m A and 45 kV. X-ray spectra were 
evaluated with the computer programme A X IL  (Van Espen 
et a l, 1986).
RESULTS AND DISCUSSION
A tm o sp h eric  in p u ts  o f trace  elem ents in to  the 
N o r th  Sea w ere d e te rm in ed  from  th e  co n cen tra tio n s 
o f the  elem en ts in  each  o f th e  size-segregated  aerosol 
fractions. S ize-dependen t d ep o sitio n  velocities were 
used  to  ca lcu la te  the  d ry  d ep o sitio n  fluxes. T h e  m e­
teo ro lo g ica l co n d itio n s  (w ind speed, relative h u m id ­
ity) w ere ta k e n  in to  acco u n t fo r these calculations. 
F o r  the  in te rp re ta tio n  the  w ind d irec tio n  is a lso  an  
im p o rta n t fac to r. T herefore , m eteo ro lo g ica l p a ra ­
m eters w ere reco rd ed  as p a r t  o f  th e  d a ta  sets. In  
ad d itio n  th e  d ry  d ep o sitio n  fluxes, also  th e  co n tr ib u ­
tio n  o f  w et d ep o sitio n  w as calcu la ted . Below , the 
p ro ced u res used  are  described  a n d  th e  resu lting  fluxes 
a re  discussed.
Atmospheric concentrations
T h e  re la tively  large  d a ta  set from  the  19 m o n th  
m o n ito r in g  p e rio d  a t th e  co asta l s ta tio n  in B lanken­
berge h as m ad e  it possib le to  ca lcu la te  the  long-term  
average a tm o sp h eric  c o n cen tra tio n s  o f S, C l, K , Ca,
Table 1. Atmospheric concentrations determined at the Belgian coastal station in Blankenberge in the 
period October 1992-M ay 1994; arithmetic mean, standard deviation and range (all in ng m “ 3),
N D  =  below detection limit
Blankenberge-summer Blankenberge-winter
Element
Arith.
mean
St.
dev. M in . M ax
Arith
mean
St
dev. M in . M ax
S 1240 590 642 2392 490 270 176 949
Cl 1140 830 70 2731 1260 1070 66 2035
K. 130 70 47 295 110 60 30 141
Ca 180 120 34 405 130 120 33 335
T i 13.9 10.5 4.1 37.8 5.5 3.7 1.9 13.1
V 5.4 3.8 1.9 12.9 3.6 2.3 0.2 6.7
C r 6.7 8.9 0.5 32.1 3.5 2.7 0.3 6.4
M n 13.6 8.6 3.1 22.1 4.6 2.6 0.4 8.6
Fe 310 190 85 551 130 100 32 262
N i 4.1 5.1 0.9 19.1 2.1 1.2 0.2 3.1
Cu 3.9 2.7 0.5 6.3 3.2 2.8 0.2 12.7
Zn 22.5 19.5 3.9 68 21.8 18.2 4.1 62.3
As 2.3 1.8 0.4 6.1 0.28 0.66 N D 2.24
Se 0.5 0.2 0.4 0.7 N D N D N D N D
Br 17.8 13.3 2.2 38.9 16.1 14.5 2.1 20.7
Sr 6.4 4.3 0.7 15.2 4.1 4.2 N D 6.9
Pb 14.3 3.2 1.6 10.1 12.1 15.2 N D 52.7
T i, V, C r, M n , Fe, N i, C u , Z n , As, Se, Br, S r a n d  P b  
a n d  to  se p a ra te  th e  d a ta  for the  sum m er an d  w in te r 
seasons. T h e  resu lts  a re  rep o rted  in  T ab le  1. T h e  
av erag e  values fro m  th e  research  cru ises w ith  th e  R /V  
B elgica a n d  w ith  H r. M s. T y d em an  are  p resen ted  in  
T ab le  2. F ina lly , th e  a tm o sp h e ric  c o n cen tra tio n s  
m easu red  a t  th e  F P N  a re  given in  T ab le  3. T h e  d a ta  
in  T ables 1 -3  a re  a rith m e tic  m ean  values ca lcu la ted  
fro m  th e  to ta l c o n c e n tra tio n s  in  each  sam ple , i.e. the  
su m  o f th e  co n c e n tra tio n s  m easu red  in  each  o f  the  
seven size classes.
T he resu lts  a re  co m p a ra b le  to  p rev iously  pu b lish ed  
va lues fo r trace  e lem en t co n cen tra tio n s  in  th e  N o r th  
S ea  a tm o sp h e re  (In ju k  a n d  V an  G riek en , 1995b). 
S om e differences a re  observed , w hich  can  be a t ­
tr ib u te d  to  th e  effect o f  th e  a ir  m ass h is to ry  o n  th e  
ae ro so l co n cen tra tio n s . In  th e ir analysis o f aero so l 
p a rtic le  size d is tr ib u tio n s  m easu red  a t  M P N , V an  
E ijk  a n d  D e  L eeuw  (1992) dev ided  th e ir d a ta  set in  
e ig h t sec to rs b ased  o n  g eo g rap h ica l co n sid era tio n s. 
F o r  each  secto r, th e  c o n cen tra tio n s  o f  th e  ae ro so l an d  
th e ir  w in d  speed  dep en d en ce  w ere different a n d  the  
v a rio u s  so u rce  reg ions c o u ld  c learly  be identified . 
O b v io u sly , fo r th e  an a ly s is  o f  th e  chem ical co m p o s i­
tio n , a  sim ilar p a rtit io n in g  o f th e  d a ta  will be o f 
c ru c ia l im p o rta n c e  to  exp lain  differences observed  
b etw een  th e  v a rio u s  sam p lin g  sites. In  T ab le  3 a n d  4, 
w e h av e  m ad e  a  c ru d e  classification , b ased  o n  w ind  
d irec tio n , o f th e  d a ta  m easu red  on  th e  F P N  an d  
a b o a rd  R /V  Belgica. T h e  differences betw een  th e  c o n ­
c e n tra tio n s  in  th e  in d ica ted  w ind  secto rs a re  obvious. 
D u rin g  th e  w hole sam p lin g  cam p a ig n  w ith  th e  R /V  
B elgica (T ab le  4), th e  w ind  d irec tio n  w as fro m  the
n o rth , excep t o n  th e  first d ay  w hen  th e  w ind w as west. 
As a  resu lt, the  a n th ro p o g e n ic  elem en ts (Ti, N i, Cu, 
Zn) have h igher c o n c e n tra tio n s  w hen  th e  w ind  is from  
lan d , i.e. from  th e  sou rce  reg ions (west o n  R /V  Belgica; 
so u th e a s t o n  M P N ) an d  w hen  th e  w ind  is fro m  the 
o p en  ocean  the  c o n cen tra tio n s  a re  low . Since the 
co n cen tra tio n s  d ecrease  w ith  trav e l tim e o v er th e  sea 
(fetch!) a  N -S  g rad ien t is expected  w hen  th e  w ind  is 
from  lan d , an d  w ith  n o  source  to  th e  N o rth . Such 
resu lts  a re  co n sis ten t w ith  o th e r  m o re  lim ited  studies 
in  th e  so u th e rn  N o r th  Sea d o n e  by C h este r et al.,
(1993) an d  Y aaq u b  et al. (1991).
T h is analysis c learly  ind ica tes th a t fo r the  assess­
m en t o f  the  to ta l a tm o sp h e ric  in p u t in to  th e  N o rth  
Sea, th e  c lim ato logy  is a  very  im p o rta n t fac to r w ith 
w hich  th e  em issions in  th e  vario u s sou rce  regions 
m u st be w eighted . F u rth e rm o re , th o ro u g h  co n sid e ra ­
tio n  sh o u ld  be given to  th e  influence o f fac to rs  such  as 
th e  travel tim e from  th e  so u rce  reg ion , p rec ip ita tio n  
scavenging  d u rin g  advection , a n d  o th e r m eteo ro lo g i­
cal co n d itio n s  th a t  affect th e  c o n cen tra tio n  levels. 
D u rin g  th e  M  A P T IP  ex perim en t, p a r t  o f th e  sh ip  tim e 
o f H r. M s. T y d em an  w as desig n ated  to  ad d ress la tera l 
ho m o g en eity  (D e L eeuw  et ai, 1994). T h e  a im  w as to  
m easu re  aeroso l p a rtic le  size d is trib u tio n s  a n d  m e­
teo ro lo g ica l p a ram e te rs  sim u ltan eo u sly  a t th e  M P N  
a n d  o n  H r. M s. T y d em an , d u rin g  long  track s  o f the 
sh ip  up - o r  d o w n w in d  from  M P N . T h e  p relim inary  
resu lts  from  th e  c o m p ariso n  o f  th e  d a ta  collected  
sim u ltan eo u sly  a b o a rd  th e  sh ip  a n d  o n  M P N  clearly 
show s th e  effect o f m eteo ro lo g ica l p a ram e te rs  such  as 
w ind  speed  an d  a ir  tem p e ra tu re  o n  th e  tra n sp o rt of 
th e  a ir  m ass o v er a  la rg e  w a te r m ass a n d  o n  the
Table 2. Atmospheric concentrations determined during research cruises aboard R /V  Belgica and Hr. Ms. 
Tydeman in 1993; arithmetic mean, standard deviation and range (all in n g m ~ 3), N D  =  below detection
limit
N orth  Sea cruises 
H r. Ms. Tydeman
N orth  Sea cruises 
R /V  Belgica
Arith. St. Arith. Std.
Element mean dev. M in. Max. mean dev. M in . Max
S 1650 1110 179 2886 320 190 103 380
Cl 430 580 24 1515 620 450 107 1459
K 67 10 58 79 62 18 48 93
Ca 89 59 31 151 68 20 43 92
T i 5.2 0.5 N D 5.7 4.6 2.9 1.8 9.7
V 2.3 1.5 0.6 5.1 0.7 0.3 N D 0.9
C r 2.9 2.6 0.3 7.2 1.5 0.4 0.4 7.2
M n 3.3 1.2 1.2 5.3 3.1 1.5 2.6 3.4
Fe 100 30 51 122 80 70 31 217
N i 4.4 4.6 1.4 13.5 1.7 1.2 0.5 3.3
Cu 4.2 3.3 0.7 9.4 1.9 1.0 1.5 2.3
Zn 20.5 14.7 3.1 42.2 6.2 4.2 1.1 13.2
As N D N D N D N D N D N D N D N D
Se 1.4 0.8 0.07 1.9 N D N D N D N D
Br 3.9 2.9 1.9 9.7 3.6 3.9 1.6 10.7
Sr 0.9 0.6 0.2 1.9 1.1 0.6 0.4 1.6
Pb 17.4 13.1 1.6 37.4 N D N D N D N D
Table 3. Average airborne concentrations and associated standard deviations (ng m' 
wind direction, measured on the “Nordsee” platform in 92
’3) as a function of
A ll sectors
Element Northwest-north Southwest-west Southeast-east (weighted)
S 180 +  40 250 ±  50 400 ±  180 270 +  50
Cl 700 +  50 440 ±  40 210 ±  100 260 +  30
C r 0.4 +  0.5 0.5 ±  0.24 7.9 +  6.3 1.7 ±  0.5
M n 1.2 +  0.2 18.4 +  0.4 22.7 ±  1.9 14.4 +  0.5
Fe 29 +  1 76 ±  1 400 +  7 140 +  2
N i 0.8 ±  0.5 2.2 +  0.3 3.5 +  0.7 1.4 +  0.3
Cu 1.1 +  0.2 3.4 ±  0.2 6.7 ±  0.7 3.5 ±  0.2
Se 0.5 ±  0.2 1.1 + 0 .2 1.2 ±  0.7 0.9 ±  0.2
Br 10.7 ±  0.3 10.8 +  0.4 7.9 +  0.8 10.1 +  0.3
Sr 4.5 ±  0.2 6.3 +  0.3 7.4 +  0.8 6.0 ±  0.2
Pb 10.8 +  0.8 12.6 +  0.5 24.9 ±  2.1 15.1 ±  1.1
aero so l size d is tr ib u tio n s  (D e Leeuw  e t  a l ,  to  be 
published). As reg ard s th e  chem ical co m p o sitio n , 
a  s im ila r analysis c a n n o t be m ade  because o n ly  one 
im p a c to r /w in d  tu n n e l co m b in a tio n  w as availab le. 
Since th is  sam p le r w as m o u n ted  o n  the  ship, only  
a  co m p ariso n  can  be m ad e  betw een sam ples n e a r  the  
M P N  a n d  a t  a  la rg e  d is tan ce  from  th e  to w er (the end  
p o in ts  o f  th e  tra jec to ries  show n  in F ig. 1), w hich  were 
consecu tively  collected . A n in itia l ana lysis o f th e  im - 
p a c to r  sam ples w as p resen ted  in  (V an E ijk  e t  a i ,  
1995). T h is  ana lysis w as lim ited  to  o n ly  fo u r elem ents 
th a t  a re  rep resen ta tiv e  for aeroso ls from  a n th ro p o ­
gen ic  sou rces (C u, Z n , P b  an d  Se) a n d  th ree  elem ents 
th a t  a re  ch a rac te ris tic  fo r m arin e  aero so ls  (C a, S r and  
Cl). In  th e  easte rly  w inds e n co u n te red  d u rin g  the
Table 4. Elemental concentrations in aerosols (ngm “ 3) 
measured aboard R /V  Belgica in October 1993 as a function 
of wind direction
Sample I
(east)
Samples I I  +  I I I  +  IV  +  V - mean value 
(north)
Cl 107 660
T i 9.7 3.3
N i 3.3 1.3
Cu 2.3 1.2
Zn 13.6 4.5
la rg e r p a r t o f th e  M  A P T IP  experim en t, the  en d  p o in ts  
o f  all tra ck s  w ere d o w n w in d  from  M P N . H ence, th e  
c o n cen tra tio n s  o f  th e  a n th ro p o g e n ic  co n tr ib u tio n s
Table 5. Elemental aerosol concentrations (ng m 3) during 
M APTIP ’93
A +  B C +  D +  E
C l 1020 32
C a 113 74
S r 1.34 0.61
C u 1.0 6.3
Z n 4.0 31
P b 4.7 26
Se 0.08 1.52
w ere ex p ected  to  d ecrease  a lo n g  th e  track , w hereas the  
c o n c e n tra tio n s  o f  th e  m arin e  e lem en ts w ere expected  
t o  increase  as a  con seq u en ce  o f  th e  la rg e r fetch, an d  
th u s  g e n e ra tio n  o v e r a  la rg er surface. As d iscussed  by 
V a n  E ijk  et al. (1995), fo r the  m arin e  elem ents C a , S r 
a n d  C l, in d eed  th e  c o n c e n tra tio n s  w ere observed  to  
in crease  w ith  lo n g e r fetch, b u t fo r th e  a n th ro p o g en ic  
e lem en ts  th e  ex p ected  d ecrease  w as observed  in  on ly  
5 0 %  o f  th e  cases. A t p resen t w e h av e  n o  so u n d  ex­
p la n a tio n  fo r th o se  cases w here th e  co n cen tra tio n s  o f 
th e  a n th ro p o g e n ic  e lem en ts d id  n o t decrease. T he 
M A P T IP  d a ta  se t o n  chem ical co m p o s itio n  is to o  
sm all fo r a  m o re  d e ta iled  analysis.
A fu r th e r co m p lica tio n  is th e  d ra s tic  ch an g e  in  
m e teo ro lo g ica l c o n d itio n s  d u rin g  th e  M A P T IP  ex­
p erim en ts , w hich  fu r th e r lim its th e  use o f th e  d a ta  fo r 
a  m ore  sy s tem atic  analysis. T h is  ch an g e  in  m e te o ro ­
lo g ica l c o n d itio n s  resu lted  in  th e  occu rren ce  o f heavy  
fog, w h ereas p r io r  to  th is ev en t the  visibility  w as 
g en era lly  go o d . O b v io u sly , th e  ae ro so l p ro p e rtie s  h a d  
ch an g ed , b o th  in  a  physical sense, as ev idenced  by th e  
fo rm a tio n  o f  fog, a n d  chem ically  as sh o w n  in  T ab le  5. 
I n  T ab le  5 th e  co n c e n tra tio n s  o f  th e  selected elem ents 
before  (sam ples A a n d  B) a n d  a fte r (sam ples C -E ) th e  
ch an g e  in  th e  m eteo ro lo g ica l co n d itio n s  a re  co m ­
p ared . T h e  g en era l decrease  in  th e  co n cen tra tio n s  
o f  th e  m arin e  e lem en ts a n d  th e  increase  o f the  co n cen ­
tra tio n s  in  th e  a n th ro p o g e n ic  c o n tr ib u tio n  can  
o n ly  q u a lita tiv e ly  be u n d e rs to o d . T h e  w ind  speed  is 
th e  d riv in g  fa c to r fo r m o s t o f  th e  exchange processes 
o f  ae ro so ls  b etw een  a ir  a n d  sea. T h e  w ind  speed  
d u rin g  th e  ea rlie r  p a r t  o f  th e  M A P T IP  experim en t 
v a ried  betw een  5 an d  20 m s - 1  w ith  w ave he igh ts o f 
0 .5 -1 .5  m , w h ereas la te r  th e  w in d  speed  d id  n o t ex­
ceed  10 m s - 1 a n d  w ave he igh ts w ere typ ically  0.4 m . 
M o s t likely  th e  decrease  in  w in d  speed  resu lted  in  less 
su rface  g en e ra tio n  a n d  th u s  sm alle r co n cen tra tio n s  o f 
th e  m arin e  co m p o n en ts . T h e  an th ro p o g e n ic  c o n tr ib u ­
tio n , fo r w hich  th e re  a re  no  so u rces over sea, c an  on ly  
b eco m e sm alle r d u e  to  d isp ersio n , d ep o sitio n  a t  th e  
su rface  a n d  e n tra in m e n t a t  th e  to p  o f  the  m ixed layer. 
T h e  w in d  speed  is a  g o v ern in g  fa c to r because b o th  th e  
d isp e rs io n  a n d  th e  d ep o sitio n  velocity  a re  w ind speed 
d ep en d en t. By V an  E ijk  a n d  D e Leeuw  (1992), th e  
w in d  speed  d ep en d en ce  o f th e  sm alle r p artic les was 
ex p la in ed  by  th is effect.
T h e  d a ta  o b ta in ed  w ith  th e  B attelle  cascade im pac- 
to r  consist o f  th e  e lem en tal m asses o n  each  im p actio n  
stage, i.e th e  m ass d is tr ib u tio n  fo r a  large  n u m b er o f 
elem ents. F o r  th e  assessm en t o f  th e  d ep o sitio n  vel­
ocities, w hich  v a ry  stro n g ly  w ith  partic le  m ass, it is 
essen tia l to  accu ra te ly  analyze cascade im p ac to r da ta . 
In  F igs 2 a n d  3 th e  m ass d is tr ib u tio n s  fo r S, C l, K, 
C a, T i, V, C r, M n , Fe, N i, C u , Z n , Se, Br, Sr, Z r, M o 
an d  P b  are  given. T he m asses a re  o b v iously  n o t log- 
n o rm ally  d is trib u ted  as is they  w ou ld  be fo r an  a e ro ­
sol from  a  single source. O bv iously , th e  N o rth  Sea 
aeroso l o rig in a tes  from  m ultip le  sources. Therefore, 
th e ir size d is trib u tio n s  a re  m u lti-m o d a l a n d  a descrip ­
tio n  in  te rm s o f a  single lo g -n o rm a l d is tr ib u tio n  is n o t 
a p p ro p ria te . E lem ents like K , S, V, M n, P b , N i, C u, 
Z n, Se are  m o stly  asso c ia ted  w ith  th e  sm all partic le  
ran g e  below  1 d iam eter, w hile elem ents like Cl, 
C a, S r are  fo u n d  m ostly  in  th e  la rg e r size range, above 
4 pm  d iam eter. F igs 2 a n d  3 clearly  confirm  th a t  the 
sm aller aero so l is p re d o m in an tly  o f an th ro p o g en ic  
o rig in , w hereas the  la rg e r ae ro so l is o f m arin e  origin. 
T his o b se rv a tio n  justifies o u r  a p p ro a c h  to  trea t the 
aero so l over th e  N o rth  Sea as a  m ix tu re  o f sm aller 
aero so l o f  co n tin en ta l o rig in  a n d  a la rg e r aeroso l of 
m arin e  o rig in  (In juk  et al., 1994). S im ilar ap proaches 
have been follow ed since over a  decade  to  describe the 
physical p ro p ertie s  o f th e  m arin e  aeroso l, e.g. by 
G a th m a n  (1983,1989).
Dry deposition fluxes
T h e  d ry  d ep o sitio n  flux, Fa (n g m _ 2 s _1) o f  m ateria l 
to  th e  w a te r surface w as ca lcu la ted  from  th e  p ro d u c t 
o f a tm o sp h e ric  co n cen tra tio n s , C a ( n g m “ 3), an d  the 
d ry  d ep o sitio n  velocity, Va ( m s - 1 ). T h e  d ry  d ep o ­
sition  velocity  o f aeroso ls is stro n g ly  d ep en d en t on 
p a rtic le  size a n d  m eteo ro lo g ica l factors, prim arily  
w ind  speed an d  hum id ity . T h e  d ry  d ep o sitio n  m odel 
o f S linn  a n d  S linn (1980) a llow s fo r ta k in g  in to  ac­
c o u n t the  response o f  th e  size o f sm all p artic les to  
changes in  rela tive  hu m id ity , as w ell as fo r im paction  
a n d  in te rcep tio n  m echan ism s o f d eposition . W e have 
used  the  assu m p tio n  th a t  th e  rela tive  h u m id ity  a t  the 
a ir -s e a  in terface  is 98 .3% , a n d  th a t h y groscop ic  p a r­
ticles (all e lem ents except F e -rich  particles) in s tan tly  
reach  th e ir equ ilib riu m  size [cf. response  tim es cal­
cu la ted  by  A ndreas (1990)]. D u rin g  o u r  sam pling  
cam p a ig n  in  B lankenberge, th e  average w ind speed 
w as 4 . 6 m s '1, w hile d u rin g  th e  R /V  Belgica cruise 
a n d  on  the  “N o rd see” p la tfo rm , th e  average w ind 
speed  varied  from  5 to  10 m  s "  *. D u rin g  th e  M A P T IP  
experim en t th e  w ind  speed w as from  5 to  15 m s - 1 . 
T h e  cu rren t w ind speeds w ere used  to  calcu la te  the 
d ep o sitio n  velocities.
T o  ta k e  in to  acco u n t th e  m ass dep en d en ce  o f the 
d ry  d ep o sitio n  velocities, it is necessary  to  norm alize  
ae ro so l m ass an d  partic le  size fo r th e  ca lcu la tio n  of 
th e  to ta l flux. T h e  m ass-w eigh ted  d ry  d ep o sitio n  vel­
ocities w ere derived  using  th e  fo llow ing expression:
M ass-w eigh ted  vai =  £
L(
l 2 4
size  (urn)
C u  - # -  Zn T É r  S e
-X -v - X -  C f Zr -m- Fe
Fig. 2. Average mass distributions for K , Br, S, Cu, Zn, Se, 
V , M n , Pb and N i in aerosol samples collected over the 
N orth Sea.
w here  va  is th e  d ep o sitio n  velocity  o f size frac tion  
i a n d  C,- th e  m ass o f  a  ce rta in  e lem en t in  size frac tio n  i. 
T h e  m ass-w eig h ted  d ry  d ep o sitio n  velocities w as ca l­
cu la ted  fo r  each  e lem en t in  th e  in d iv id u a l each  cas­
cad e  im p a c to r  sam ples. T h e  a rith m e tic  m ean  values 
fo r th e  m ass-w eigh ted  d ep o sitio n  velocities to g e th e r- 
w ith  th e  s ta n d a rd  dev ia tio n s a re  given in  T ab le  6.
F o r  th e  ca lc u la tio n  o f th e  d ry  fluxes to  th e  sea, the  
to ta l c o n c e n tra tio n  o f an  e lem en t in  each  cascade 
im p a c to r  sam p le  w as m ultip lied  by  the  co rresp o n d in g
Fig. 3. Average mass distributions for Ca, Sr, Cl, T i, M o, Cr, 
Z r  and Fe in aerosol samples collected over the N orth Sea.
m ass-w eigh ted  d ep o sitio n  velocity. T h e  average dry 
d ep o sitio n  ra te s  an d  th e  s ta n d a rd  d ev ia tions, based  
on  ca lcu la tio n s from  th e  different sam pling  cam paigns 
in  1992-1994 a re  given in  T ab le  7.
T h e  values fo r th e  d ry  d ep o sitio n  fluxes determ ined  
in  th is w o rk  are  generally  sm aller th a n  previously  
pub lish ed  d a ta  (In juk  a n d  V an  G riek en , 1995b). T hese 
lo w er values m ay  be th e  resu lt o f u sing  a  spatia l 
d is tr ib u tio n  o f m easu rem en ts , w hereas earlie r esti­
m ates  w ere o b ta in ed  from  e x tra p o la tio n  o f po in t
Table 6. Mass-weighted deposition velocities V4 (cm s ‘ ), together w ith st. dev., for different aerosol size 
distributions as outlined in the text. The average wind speed during each sampling campaign is indicated
Blankenberge-
summer
5 .0 m s '1
Blankenberge- 
winter 
5.0 m s '1
“Nordsee”- 
platform  
7.8 m s '1
R /V H r. Ms. Tydeman
8.2 m s -1 5 .0 m s _1 15.0 m s 1
S 0.33 (0.14) 0.18 (0.09) — 0.50(0.18) 0.08 (0.01) 0.90 (0.25)
K 0.43 (0.13) 0.45 (0.15) — 0.61 (0.20) 0.22 (0.04) 1.16 (0.25)
Ca 0.50(0.12) 0.58 (0.17) — 0.62 (0.19) 0.55 (0.03) 1.70(0.17)
T i 0.42 (0.16) 0.42 (0.12) — 0.27 (0.16) 0.57 (0.07) 1.27 (0.90)
V 0.24 (0.16) 0.14(0.08) — 0.24 (0.18) 0.27 (0.07) 0.64(0.15)
Cr 0.46 (0.26) 0.71 (0.34) 0.42 (0.21) 0.80 (0.21) 0.42 (0.08) 1.41 (0.38)
M n 0.42 (0.21) 0.53 (0.19) 0.36 (0.18) 0.26 (0.09) 0.21 (0.09) 1.10(0.27)
Fe 0.44 (0.14) 0.55 (0.18) 0.34 (0.10) 0.49 (0.10) 0.32 (0.06) 1.34(0.05)
N i 0.19 (0.08) 0.61 (0.31) 0.23 (0.09) 0.15 (0.08) 0.27 (0.03) 0.78 (0.25)
Cu 0.32 (0.07) 0.50(0.13) 0.26 (0.10) 0.21 (0.07) 0.45 (0.34) 1.26 (0.37)
Zn 0.32(0.17) 0.29 (0.14) — 0.40 (0.12) 0.20 (0.08) 0.90 (0.14)
As 0.35 (0.24) 0.30(0.19) — — — —
Se 0.63 (0.29) — — — 0.07 (0.02) 0.69 (0.05)
Br 0.51 (0.24) 0.39 (0.23) — 0.43 (0.12) 0.20 (0.02) 1.89 (0.08)
Sr 0.62 (0.15) 0.49 (0.18) — 0.48 (0.24) 0.71 (0.33) 1.86 (0.05)
Pb 0.07 (0.06) 0.11 (0.09) 0.15(0.11) — 0.08 (0.004) 0.79 (0.71)
Table 7. D ry  deposition fluxes into the N orth  Sea (kgkm  2yr ‘ ) together with the standard deviations
Blankenberge-winter Blankenberge-summer “Nordsee”-platform R /V  Belgica H r. Ms. Tydeman
S 108 (77) 28 (15) — 570 (560) 75 (23)
K. 18 (13) 16(9) — 13(12) 13(12)
C a 29 (22) 25 (23) — 13 (10) 33 (30)
T i 1.54(1.39) 0.74 (0.49) — 0.36(0.18) 0.96 (1.56)
V 0.31 (0.29) 0.17 (0.07) — 0.05 (0.03) 0.21 (0.06)
C r 1.34(2.11) 0.26(0.18) 0.64 (0.17) 1.39 (0.92) 1.64 (2.09)
M n 1.53 (1.35) 0.78 (0.44) 1.47(0.13) 0.25 (0.14) 0.40 (0.17)
Fe 36 (29) 24 (18) 18(3) 13(10) 22 (16)
N i 0.16 (0.14) 0.42 (0.23) 0.51 (0.09) 0.08 (0.09) 0.48 (0.51)
C u 0.34 (0.25) 0.49 (0.62) 0.29 (0.04) 0.13 (0.09) 0.83 (0.97)
Z n 1.55 (1.49) 1.99 (1.66) — 0.79 (0.87) 1.57 (0.58)
As 0.25 (0.22) 0.003 (0.006) — — —
Se 0.09 (0.07) — — — 0.03 (0.004)
B r 4.52 (5.36) 1.67(1.49) — 4.87 (0.74) 1.76 (2.54)
Sr 1.58 (1.35) 0.53 (0.54) — 1.58 (0.74) 0.52 (0.46)
Pb 0.20 (0.25) 0.44 (0.56) 0.71 (0.13) N D 0.59 (0.29)
m easu rem en ts  o v e r th e  w hole  N o r th  Sea. F u r th e r­
m o re , th e  lo w er levels, especially  fo r th e  heavy  m etals, 
m ay  a lso  reflect th e  effect o f  th e  m an y  v o lu n ta ry  an d  
en fo rced  em issio n  c o n tro ls  im p lem en ted  in  recen t 
years.
T he u n c e rta in ty  in  th e  d ry  d ep o sitio n  flux stro n g ly  
d ep en d s  o n  th e  accu racy  o f  th e  ae ro so l size d is tr ib u ­
tio n , especially  th e  la rg e  size fraction . N u m ero u s  
w orkers, (e.g. D u la c  et al, 1989; S linn, 1983; 
S te iger et ai, 1989; O ttley  a n d  H arriso n , 1993) 
h av e  sh o w n  th e  d o m in a n t c o n tr ib u tio n  o f th e  
la rg e  p a rtic le  frac tio n  to  th e  ov era ll d ry  d ep o sitio n  
flux, even  if  th is w o u ld  c o n tr ib u te  on ly  a  sm all 
frac tio n  to  th e  to ta l  m ass. T h is is d u e  to  th e  large 
d ep o sitio n  velocities a sso c ia ted  w ith  th e  g rea te r  p a r ­
ticles. T h e  sam e p a tte rn  w as a lso  observed  in  th is  
w ork . In  F ig . 4, th e  d ry  d ep o sitio n  flux an d  a tm o ­
sp h eric  m ass a re  given fo r each  size frac tio n  as a  p e r­
cen tag e  o f  th e  to ta l  a tm o sp h e ric  m ass a n d  d ry
d ep o sitio n  flux fo r C r, N i, C u  a n d  Zn. T h e  resu lts 
co m p are  fav o rab ly  w ith  th o se  p resen ted  in  earlie r 
p u b lica tio n s  w here th e  d o m in an ce  o f  th e  largest p a r ­
ticle o n  th e  overa ll d ry  d ep o sitio n  flux w as d e m o n ­
s tra ted .
B ased o n  th e  average d ry  d ep o sitio n  ra tes  given in 
T ab le  7, th e  to ta l d ry  dep o sitio n  fluxes, in  to n n es  y r 1, 
fo r the  w hole  a re a  o f th e  N o r th  Sea h av e  been cal­
cu la ted . T h e  resu lts  a re  p resen ted  in  T ab le  8.
Wet deposition fluxes
W et d ep o sitio n  fluxes (T able  9) w ere ca lcu la ted  us­
ing  th e  scavenging  facto rs recom m ended  by 
G E S A M P  (1989): 1500 (S, K , C a, Br), 1000 (Ti, Fe , Sr), 
500 (V, C r, M n , N i, C u , Z n , P b ) a n d  200 (As, Se). 
D esp ite  th e  m an y  leg itim ate  co n cern s ov er th e  use of 
scavenging  ra tio s  (e.g. em pirical values th a t  a re  n o t 
really  lin k ed  to  th e  processes) values d o  a p p e a r to  be 
re la tively  co n sis ten t, less th a n  a  fac to r o f  5, fo r the
Cr
I - X -  Mass Flux
Ni
Cu Zn
“ K ”  Mass Flux -X - Mass Flux
Fig. 4. Relative contributions of each size fraction to the atmospheric mass and dry deposition fluxes for
Cr, N i, Cu and Zn.
sam e chem ical species in different en v iro n m en ts  
(K an e  et ai, 1994; G a llo w ay  et ai, 1993; Jaffrezo  an d  
C o lin , 1988; A rim o to  et ai, 1987; B arrie , 1992). A n 
a n n u a l ra in fa ll a b o v e  th e  N o r th  Sea o f  677 m m y r '1 
a n d  th e  av erag e  e lem en ta l a tm o sp h eric  c o n cen tra ­
tio n s  o f  th e  w hole  d a ta  set w ere used  in  th e  ca lcu ­
la tio n s . In  T ab le  10 av erag e  w et d ep o sitio n  fluxes, 
c a lc u la ted  from  th e  v a lues g iven in  T ab le  9, a re  given 
to g e th e r w ith  th e  to ta l  a m o u n t o f w et d ep o sited  m a ­
te ria l in  to n n es  y r ” 1. T h e  d a ta  p resen ted  in  T ab le  10 
suggest th a t  o n  av erag e  w et d ep o sitio n  fluxes a re  
ap p ro x im a te ly  a  fac to r o f 3 la rg e r th a n  th e  d ry  d ep o ­
s itio n  fluxes, fo r a ll e lem en ts o f in terest.
T o ta l d e p o sitio n  f lu x e s
In  T ab le  11, th e  estim a tes  fo r th e  to ta l (dry an d  wet) 
a tm o sp h e ric  in p u ts  to  th e  N o r th  Sea are  p resen ted  
to g e th e r  w ith  th e  recen tly  pu b lish ed  values given by 
O S P A R C O M  (1993). U n fo rtu n a te ly , from  O S P A R - 
C O M  co m p iled  d a ta  a re  av a ilab le  fo r on ly  few ele­
m en ts. F o r  N i, C u , Z n , As an d  P b , th e  to ta l d ep o sitio n  
fluxes o b ta in e d  in  th is  s tu d y  a re  o f sim ilar o rd e r o f 
m a g n itu d e  as th o se  re p o rte d  b y  O S P A R C O M . In  
c o n tra s t to  C h este r et ai (1993), th e  a tm o sp h eric  C u  
a n d  Z n  w et fluxes, e s tim a ted  from  th e  p resen t study ,
Table 8. Calculated dry deposition fluxes to the N orth  Sea
Element
Average dry flux 
and st. dev. 
( k g k m ^ y r ” 1)
Total dry flux to 
the N orth Sea 
(tonnes y r” ‘ )
S 196 (220) 103,600
K 15(2) 8000
Ca 25 (7) 13,300
T i 0.91 (0.42) 490
V 0.17 (0.10) 90
Cr 1.10(0.52) 560
M n 0.89 (0.53) 470
Fe 22 (8) 11,900
N i 0.33 (0.17) 180
Cu 0.42 (0.23) 220
Zn 1.47 (0.43) 790
As 0.13 (0.13) 70
Se 0.06 (0.03) 30
Br 3(1 ) 1,700
Sr 1.05 (0.53) 560
Pb 0.49 (0.20) 60
d o m in a te  o v er d ry . T h is d o m in an ce  o f w et d ep o sitio n  
is a lso  in  ag reem en t w ith  ea rlie r flux d a ta  fo r th e  
N o r th  Sea rep o rted  by several o th e r  w o rk ers  (In juk  
a n d  V an  G riek en , 1995b).
Table 9. W et deposition fluxes (kg km 2 yr *) into the N orth  Sea and standard deviations, calculated for different sampling
campaigns
Blankenberge-summer Blankenberge-winter “Nordsee”-platform R /V  Belgica H r.M s. Tydeman
s 1050 (500) 410 (230) — 270(160) 1390(940)
K 110(62) 60(51) — 55(15) 57 (8)
C a 150 (100) 120(110) — 58 (17) 75 (50)
T i 7.8 (5.9) 3.1 (2.1) — 2.6 (1.6) 2.9 (0.3)
V 15 (1 .1 ) 1.1 (0.65) — 0.2 (0.1) 0.7 (0.4)
C r 1.9 (2.5) 1.0 (0.8) 1.2 (0.2) 1.6 (0.3) 0.8 (0.7)
M n 3.8 (2.4) 1.3 (0.7) 4.1 (0.8) 0.9 (0.4) 0.9 (0.3)
F e 180(110) 76 (58) 79(2) 45 (39) 57 (15)
N i 1.2 (1.4) 0.6 (0.3) 1.7 (0.5) 0.5 (0.4) 1.2 (1.3)
C u 1.1 (0.8) 0.6 (0.8) 1.0 (0.2) 0.6 (0.3) 1.2 (0.9)
Z n 6.4 (5.5) 6.2 (5.1) — 1.7 (1.2) 5.8 (4.2)
A s 0.2 (0.2) 0.03 (0.07) — — —
Se 0.06 (0.02) — — — 0.2 (0.1)
B r 15.1 (11.2) 13.6 (3.8) — 3.0 (2.8) 3.3 (2.5)
S r 3.6 (2.4) 2.3 (2.4) — 0.6 (0.4) 0.5 (0.3)
Pb 1.3 (0.9) 3.4 (4.3) 4.3 (0.4) — 4.9 (6.7)
Table 10. W et deposition fluxes to the N orth Sea
Element
Average wet flux 
and st.dev. 
( k g k m '2y r~ ‘ )
Total wet flux to 
the N orth Sea 
(tonnes yr~ ')
S 780 (459) 417,600
K 71 (23) 37,700
C a 103 (38) 54,800
T i 4,1 (2.2) 2200
V 0.88 (0.48) 470
C r 1.33 (0.44) 710
M n 1.73 (1.21) 920
Fe 89 (52) 47,400
N i 0.88 (0.33) 470
C u 0.88 (0.28) 470
Z n 5.03 (1.93) 2700
As 0.12 (0.09) 62
Se 0.13 (0.07) 70
Br 8.75 (5.63) 4700
Sr 2.03 (1.48) 1100
Pb 3.20 (1.47) 1700
Table 12. Estimates of inputs (tonnes yr l ) to the N orth  Sea 
via various pathways (O S P A R C O M , 1993)
Pathway Cu Zn Pb
Riverine inputs* 1200 6400 1000
Direct inputsb 290 1300 160
Atmosphere (this work) 690 3500 2000
Incineration 4.6 5.7 4.9
Industrial waste' 180 440 220
Sewage sludge 76 160 77
“ Here it must be recognized that for some rivers, such as 
those in northeast and southeast England, inputs of metals 
such as Cu, Zn, Pb are largely derived from natural ores 
b sewage effluents, sewage sludge, industrial effluents, pol­
der effluents
c Chemical waste, slurries, fly-ash, minestones and colliery 
tailings
Table 11. Total (dry +  wet) deposition fluxes to the N orth Sea and compari­
son with the literature values
Element Total flux— this work 
(tonnes y r '  ')
Total flux— O S P A R C O M , 1993 
(21) (tonnes y r_1)
S 521,000 _
K 45,700 --- ■
Ca 68,100 —
Ti 2700 —
V 560 —
Cr 1300 —
M n 1400 —
Fe 59,300 —
N i 650 180— 400
Cu 690 320— 740
Zn 3500 2,700-5 ,500
As 130 95— 220
Se 100 —
Br 6400 —
Sr 1600 —
Pb 1970 1,960-1,700
Table 13. Comparison of measured and calculated concentrations of N i, Cu, Zn  
and Pb for the N orth  Sea area (n g m ~ 3)
The North Sea Belgian coast
Model Measurements Model Measurements
N i < 3 2.5 3 -5 3.1
Cu 3 -5 3.2 5-7 3.6
Zn < 3 0 13 3 0 -6 0 22
Pb < 3 0 11 30-60 13
(•A**)
/ \ /  Country border 
Copper concentration 
\ < 0.003 
I 0.003 - 0.005 
| 0.005 - 0.007 
I 0.007 - o.ooe 
I > 0.008
(•An»
/Vy/Country border 
Lead concentration 
C Z3 < 0.030 
[« D  0.030 - 0.060 
H  0.060 - 0.090 
-!:■  0.090- 0.12
■ I > 0.12
Fig. 5. Concentration maps of N i, Cu, Zn  and Pb in the N orth Sea area— modelled values.
T ab le  12 su m m arizes in fo rm a tio n  o n  riverine , d i- is c lea r th a t  su b s tan tia l am o u n ts  o f m eta ls  a re  in tro -
rec t a n d  a tm o sp h e ric  in p u ts  to  th e  N o r th  Sea to g e th e r d u ced  in to  the  m arin e  en v iro n m en t th ro u g h  th e  rivers
w ith  th e  d isp o sa l a t sea  fo r som e heavy  m etals. I t  a n d  the  a tm osphere . T h e  a tm o sp h e ric  dep o sitio n
(uoAnl)
Country border 
I concentration 
<0.003 
0.003 - 0.005 
0.005 - 0.007 
0.007 - 0.009 
> 0.009
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I-----1 < 0.030
r n  0.030 - 0.060 
m  0 .060-0  090 
I  0.090-0.12
Fig. 5. Continued
Table 14. Comparison of total depositio fluxes to the North Sea determined 
indirectly (measurements and Slinn and Slinn model) with modelled values 
(kg km “ 2y r~ ')
N i Cu Zn Pb
Measurements and Slinn 
and Slinn model
1.21 1.30 6.5 3.7
Model 0.25-0.5 0.25-0.5 2.5-5 2.5-5
c o n tr ib u te s  2 8 %  (Cu), 2 9 %  (Zn) a n d  57%  (Pb). 
T h e  im p a c t o f  sm alle r p o in t so u rces can , how ever, be 
h ig h ly  sign ifican t a n d  sh o u ld  n o t be ig n o red . In  o rd e r  
to  red u ce  in p u ts  v ia  th e  a tm o sp h e re , red u c tio n  o f
em issions a t  th e  sou rce  will u sua lly  p ro v e  to  be the 
m o s t effective o r  on ly  m ethod .
T h e  a tm o sp h e ric  in p u t d a ta , p resen ted  here, m ust 
be used  w ith  g rea t care: th e  m e th o d  o f  e x trap o la tin g
|g /h a /y r l
/ S /  C o u n try  b o rd e r 
Coppe r  d e p o s i t i o n  
<9.5
9.5 - 1 
1 - 2.5
2.5 - 5 5-19 >10
/C ountry  bordar 
id deoosmon
(g /h a /y n
F ig . 6. D ep o sitio n  m a p s  o f  N i, C u , Z n  a n d  P b  in  th e  N o r th  S ea a re a — m o d e lled  values.
measurements at a coastal station (although in this 
study we used also data from two ships, platform and 
from an off-shore tower) is crude and can result in an 
overestimate of inputs to the open sea. Furthermore, 
the accuracy is dependent on the accuracy of our 
concentration measurements (20%) and deposition 
calculations (50%) and also on the accuracy of the 
estimate of the other input routes (30%).
Comparison with model calculations
The indirect deposition calculations were com­
pared with the results obtained from a model, cal­
culated for the same area and period. The model used 
was the so-called EUTREND model developed at the
Dutch National Institute of Public Health and Envir­
onmental Protection (Van Jaarsveld et al., 1986). It is 
a statistical long-range version of the Gaussian plume 
model, i.e. the dispersion from a source is assumed to 
follow the prevailing wind direction and wind speed 
within a sector of 30% in the horizontal plane. Atmo­
spheric processes included in the model are: emission, 
dispersion, advection, chemical conversion and wet 
and dry deposition. The model describes the behav­
iour of pollutants attached to particles as a function of 
particle size. The emission is considered to be distrib­
uted over five size classes: <  0.95, 0.95-4, 4-10, 10- 
20, >  20 pm. The model calculations are performed 
for each of the size classes separately, with specific
(O /ha/yr)
/ \ /  C o u n try  b o r d t r  
N ic k t l  d e p o s i t i o n  
<0.5 
0.5 - 1 
1 - 2.5 
2.5 - 5 
5 - 1 0  
>10
F ig . 6. C o n tin u e d
deposition properties for each class. Chemical reac­
tion rates used in the model are independent of con­
centration levels. The model is applied here using 
a fixed receptor grid over the North Sea area with a 
0.5° long, x 0.25° lat. resolution. Emission factors 
for heavy metals were taken from the PARCOM- 
ATMOS emission factor manual (Van der Most and 
Veldt, 1992).
In Table 13 the calculated annually averaged con­
centrations of Ni, Cu, Zn and Pb (Fig. 5) are com­
pared with “experimental” values, for the North Sea 
and for the Belgium coast. On average the measured 
and calculated values agree within a variation of 
44-100%. The average discrepancy between the in­
directly calculated deposition rates and the modelled 
ones (Fig. 6) is within a factor of ca. 2 (Table 14). We 
note here that the total uncertainty of the results is 
a consequence of uncertainties introduced by the 
model concept, in compound specific parameters and 
in the emission estimates. The range of uncertainty in 
the emissions is wide and ranges from a factor of 
2-3.5. This range must be considered as a maximum 
margin (Baart et ai, 1995). Also, there is a large 
uncertainty in the experimental values. Taking into 
account all these uncertainties, we can conclude that 
the agreement between the atmospheric inputs esti­
mated from our measurements and those calculated 
with the model is quite satisfactory.
CONCLUSIONS
In the period from 1992 to 1994, an extensive re­
search program has been carried out for the North 
Sea environment, aiming to assess more quantitat­
ively the total (dry and wet) atmospheric deposition 
fluxes. The fluxes were calculated from a large set of in 
situ measured particle size distributions and their el­
emental concentrations, using the model of Slinn and 
Slinn for dry deposition and, for wet deposition, the 
scavenging factors and the mean annual rainfall 
above the North Sea. The accuracy in deposition 
calculations is within 50%. Comparison of the results 
with those from a model for the same area and period 
shows that they reasonably agree and the observed 
differences are acceptable.
A rather new approach was used for the determina­
tion by TXRF of trace element concentrations in 
size-segregated aerosol deposits. The aerosol particles 
were deposited directly on the quartz discs which also 
served as sample supports for the TXRF analysis.
The determined total (dry + wet) deposition fluxes 
for 16 elements (S, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, 
Zn, As, Se, Br, Sr and Rb) have pointed out the 
importance of the atmosphere as a pathway for de­
position of pollutants into the North Sea.
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Ttend analysis of the published concentrations 
of heavy metals in aerosols above the North Sea 
and the English Channel for the period 
1 9 7 1 -1 9 9 4
Stefaan Hoornaert, Boris Tteiger, René Van Grieken, and Remi Laane
Abstract: A literature review is given of atmospheric trace metal concentrations in aerosols above the North Sea and 
the English Channel over the period 1971-1994. Literature data have been gathered and intercompared to look for 
possible trends in the reported concentrations. Six trace metals are considered: Cd, Cu, Pb, Zn, Ni, and Cr. A 
distinction is made between measurements in different regions of the North Sea, and between coastal and marine areas. 
The majority of the data deals with the Southern Bight, providing the most reliable trends. Strong decreasing trends are 
observed for the Pb and Zn concentrations above the North Sea during the years 1971-1994. For Cd, Cu, Ni, and Cr, 
much less data are available in the literature. Despite this, also for Cd and Cu a decreasing trend is present Cr and Ni 
concentrations are fluctuating, mostly without a certain pattern. The trends in the concentrations are also compared to 
changes in the European emission profiles.
Key words: heavy metals, aerosols, North Sea, trend analysis, literature.
Résumé : Les concentrations de métaux lourds dans des aérosols atmosphériques au-dessus de la Mer du Nord et du 
Canal anglais, publiées durant la période 1971-1994 ont été examinées. Les données rapportées ont été rassemblées et 
comparées afin de découvrir d’éventuelles tendances dans les concentrations rapportées. Six métaux lourds ont été pris 
en considération : Cd, Cu, Pb, Zn, Ni et Cr. Une distinction a été faite entre les mesures réalisées dans différentes 
régions de la Mer du Nord, ainsi qu’entre les zones côtières et maritimes. La majorité des données concerne la partie 
sud de la Mer du Nord, qui apporte les tendances les plus fiables. De fortes tendances dégressives de concentration de 
Pb et de Zn au-dessus de la Mer du Nord sont observées durant les années 1971-1994. En ce qui concerne Cd, Cu, Ni 
et Cr, moins de données sont disponibles dans la littérature. Néanmoins, une tendance dégressive est également 
observée pour Cd et Cu. Les concentrations de Cr et Ni sont plus variables, le plus souvent sans trame claire. Les 
tendances de concentrations ont aussi été comparées avec les changements des profils d’émissions européennes.
Mots clés : métaux lourds, aérosols, Mer du Nord, analyse de tendance.
1. Introduction
Environmental contamination with trace metals started 
with the discovery of fire. Historical records from ice sheets 
and sediments indicate that the discharge o f toxic metals into 
the environment increased significantly since the beginning 
of the Industrial Revolution (Nriagu 1990). Apart from other 
pollutants, significant amounts of trace metals are released 
into the atmosphere mainly due to the volatility of the corre­
sponding elements at high temperatures during various com­
bustion and incineration processes and fuel burning. Nriagu 
and Pacyna (1988), who made an inventory o f global emis-
Received January 26, 1999. Accepted August 31, 1999. 
Published on the NRC Research Press Web site on January 
19, 2000.
S. Hoornaert, B. Treiger, and R. Van Grieken.1 University 
of Antwerp (UIA), Department of Chemistry, 
Universiteitsplein 1, B-2610 Antwerpen, Belgium.
R. Laane. Institute for Coastal and Marine Management 
(RIKZ), Rijkswaterstaat, Kortenaerkade 1, 2500 EX The 
Hague, The Netherlands.
'Author to whom all correspondence should be addressed 
(e-mail: vgrieken@uia.ua.ac.be).
sions o f trace metals in 1983, found that the anthropogenic 
emissions o f Cd, Cu, Ni, and Zn exceed the inputs of these 
elements from natural sources by about two-fold or more 
and in the case of Pb even by a factor 17. The main sources 
o f anthropogenically emitted trace metals are non-ferrous 
metal and steel manufacturing, oil and coal combustion, re­
fuse incineration, and traffic. A detailed discussion o f the 
different sources can be found elsewhere (Pacyna 1998). 
The airborne pollutants are a threat to human health, directly 
through inhalation and also indirectly since they are depos­
ited, after transport in the atmosphere, on the soil and in the 
surface waters and oceans. Several studies on the deposition 
o f airborne particulate matter have shown that the atmo­
spheric input is a significant route of trace metals to the 
ocean. It can even exceed the other inputs like rivers and d i­
rect discharges, especially in the case of open seas, where 
the influence of rivers is minimal (GESAMP 1989). In the 
case o f the North Sea the atmospheric contribution to the in ­
put o f Cd, Cu, Pb, and Zn into the Southern Bight (the 
southern part o f the North Sea) is estimated to be 55, 24, 40, 
and 22%, respectively (Otten et al. 1992).
The North Sea, being only a shallow sea, is characterized 
by a high biological production that is overexploited by in ­
tensive fishing activities. The North Sea ecosystem is also
Fig. 1. The North Sea and the Channel with the different subregions and location of the fixed sampling sites (cruises are not 
indicated). Legend — Channel: 1, Atlantic station; 2, Bassurelle; 3, Baie d’Ambleteuse; 4, Wimereux. Southern Bight: 5, Styrrup; 6, 
Spurn Head; 7, Gresham; 8, Mannington; 9, Helmsby; 10, Leiston; 11, Gasplatform; 12, Westhinder; 13, Blankaert; 14, Oostende; 15, 
Blankenberge; 16, Haamstede; 17, Rijnmond; 18, Petten; 19, Hage; 20, Shiermonnikoog; 21 Hamburg. Central North Sea: 22, 
Helgoland; 23, Westerheversand; 24, Kiel; 25, FPN; 26, Pellworm; 27, Aberdeen. Northern North Sea: 28, Birkenes; 29, Vassar.
under stress because it is surrounded by some very indus­
trialized and populated areas (mainly situated around the 
southern part), fed by rivers from Europe’s industrial heart­
land, dotted with oil platforms, and exposed to heavy ship 
traffic, which together cause a serious threat to the health of 
this very sensitive ecosystem.
In the sea the deposited trace metals can initiate changes 
in natural biochemical processes. Perhaps even more impor­
tant is the fact that they enter the food chain, thereby caus­
ing negative effects on biologically important species and 
a threat to the health o f man. As a result o f the growing 
concern about these hazardous effects of the increased dis­
persion o f trace metals in the environment, scientists have 
tried to evaluate the atmospheric deposition o f heavy metals 
into the sea (NAS 1978; GESAMP 1980, 1989; Duce et al. 
1991). Much attention has been paid to the case of the North 
Sea because of the proximity of the industrial areas. Besides 
model calculations, scientists have tried to assess trace metal 
concentrations and size-distributions of North Sea aerosols 
during several sampling campaigns on and around the North 
Sea. This has produced quite a lot of individual data sets 
which, up till now, have not been intercompared.
The aim of this work, therefore, is to gather all these data, 
to compare them, and to look for possible trends in the con­
centrations as a function of time. As described by Amundsen 
et al. (1992), a decreasing trend is to be observed since there 
have been several changes in the energy, industrial, and 
transport sectors in Europe. In the energy sector there was a
strong increase in the use o f nuclear power and the share of 
gas. There was a decrease in oil imports and a growth o f in­
digenous oil production. The latter show lower levels of 
heavy metals, compared to those from the M iddle East and 
South America. The total traffic volume increased but less 
Pb additives were used and the share o f unleaded gasoline 
increased. Reductions in the industrial emissions were also 
obtained by the development o f new and cleaner production 
techniques and more efficient emission control devices.
2. Experimental
The statistical analysis is done on available published data 
for the period 1971-1994. Six trace metals are considered: 
Cd, Cu, Pb, Zn, Ni, and Cr.
We have separated the North Sea and the Channel into 
four different regions (Fig. 1); the Channel itself (below 
51°N), the Southern Bight (between 51°N and 54°N), the 
central North Sea (between 54°N and 57°30'N), and the 
northern North Sea (between 57°30'N and 61 °N). This dis­
tinction is not done on a geographical basis but it is based on 
the results and is meaningful in the following sense:
Concentrations above the Channel are expected to be 
lower than for the other regions because o f the influx of rel­
atively clean air from the Southwest and because o f the 
smaller number of emission sources in this sector o f  Europe.
The Southern Bight is only a narrow area, very close to 
the major sources. As reported by Pacyna (1984), the major
Period 1972-1973° 1980° 1980-1981° 1980-1983° 1980-1985 1980-1985
June 72-May 73 Jan. 80-Aug. 85 Jan. 80-Aug. 85
Location Gas platform Westhinder Westhinder Westhinder Westhinder Westhinder
Not specified Not specified Not specified Geom. mean Geom. mean Arithm. mean Geom. mean Ai
Cd — — 2.7 2.9 ± 1.8 2.8 ± 2.2 3.9 ± 3 3.0 —
Cu <20.8 14 6.5 9.0 ± 3.0 14.7 ± 10 18 (17) ± 10 14.3 1C
Pb 147 186 82.6 104 ± 2.3 96 ± 100 150 ± 100 92 l:
Zn 153 176 86.6 94 ±3.1 67.4 ± 90 170 (150) ± 200 79 1
Ni 10.1 — — — — — — 5
Cr 4.5 — — — — — — —
Reference Peirson et al. Elskens et al. Dehairs et al. Dedeurwaerder et al. Baeyens and Dedeurwaerder 1988 Ol
1974 1981* 1982* 1983 Dedeurwaerder 1991
Cambray et al. 
1975
Remark 0  = without outliers 4
*Valnes used in the graphs.
*lndirectlv died values since we were unable to get the original reports. 
Eight samples.
“Su samples.
TUble 3. Trace metal concentrât tons (ng/m3) for all sampling campaigns in the coastal area of the Southern Bight.
Period
Location
1972
Jare-Feb.
Stvrrup
(UK.)
Not
specified
1972°
Jam-Dec.
Styrrup
(UK.)
Not
specified
1972
Feb. March 
Leiston
( U i )
Not
specified
1972*
Feb.-Dee.
Leiston
(UK.)
Not
specified
1972-1973
June-May
Leiston
(U.K.)
Not
specified
1972-1973
June-May
Gresham
(UJL)
Not
specified
1973°
Jan.-Dee.
Leiston
(U.K.)
Not
specified
1973°
Jan.-Dee.
Styrrup
(U.K.)
Not
specified
1973
Feb-May
Petten
(NL)
Not
specified
1974°
Jan.-Dee.
Styrrup
(U.K.)
Not
specified
1974°
Jan.-C
Leisto
(U.K.)
Not
specifi
Cd <6.1 <41.7 <6.1 <13.5 — — <14.7 <55 — <19.6 <9.8
Cn 67.4 41.7 33.1 <11.0 <13.5 <11.0 <13.5 29.4 <7.4 <11.0 <4.9
Pb 466 405 126 135 159 159 178 417 118 245 120
Zn 509 417 401 196 147 129 141 392 92.0 294 78.5
Mi 11.0 10.8 6.4 5.0 5.9 6.6 8.0 15.0 8.9 8.0 6.6
Cr 14.7 20.8 17.2 9.2 6.6 M 4.7 24.5 3.8 11.6 2.1
Reference Peirson et Peirson et I*eirson et Peirson et Peirson et Peirson et Cawse Cawse Peirson et Cawse Cawse
al. 1973 al. 1974 aL 1973 aL 1974 aL 1974 aL 1974 1974 1974 al. 1974 1975 197
Cawse Cawse Cambray et Cambray et Cambray et
1974 1974 aL 1975 aL 1975 aL 1975
“■Vahcs wed ia the prapfc.
'U n u lf  died Takes n e t  «t were unable to gel the anginal reports.
1984°
December
Cruise
1985“
May and August 
Cruise
1986“
March
Cruise
1987“
October
Cruise
1988“
March
Cruise
ui Arithm. mean Geom. mean Arithm. mean Geom. mean Arithm. mean Geom. mean Arithm. mean Geom. mean Arithm. mean Geo
10.4 ± 15.5 2.5 4.5 ± 2.8“ 3.2 18.5 ± 9.3 16.9 2.6 ± 1.1 2.4 9.3 ± 4.5 8.2
135 ± 70 115 30.9 ± 21.2 24.0 124 ± 75 107 18.1 ± 2.2 17.9 40.5 ± 44.0 25.5
118 ± 74 95 37 ± 32 22.5 245 ± 223 198 13.3 ± 10.2 10.2 62.2 ± 48.4 42.9
5.8 ± 6.9 2.3 9.4 ± 9.4C 5.7 12 ±7.1 10.5 5.0 ± 3.9 3.8 5.9 ± 2.9 5.1
— — 41 ± 33d 28 11.4 ± 8.6 8.7 — — 27.5 ± 12.4 25.C
Otten et al. 1994 Otten et al. 1994 Otten et al. 1994 Otten et al. 1994 Otten et al. 1994
4 samples 9 samples 8 samples 4 samples 6 samples
1974“
Jan.-Dec.
Leiston
(U.K.)
Not
specified
1975“
Jan.-Dec.
Styrrup
(U.K.)
Not
specified
1975“
Jan.-Dec.
Leiston
(U.K.)
Not
specified
1976“
Jan.-Dec.
Styrrup
(U.K.)
Not
specified
1976“
Jan.-Dec.
Leiston
(U.K.)
Not
specified
1977“
Schiermonnikoog
(NL)
1977“
Haamstede
(NL)
1972-1979 
May 72-April 79
Oostende
(B)
Arithm.
mean
1978-1981“
Rijnmond
(NL)
1981“
De Blankaer
(B)
<9.8 8.8 6.7 <3.7 <2.5 0.4 2.5 5 2-3 3.4 ± 2.0
<4.9 27.0 14.7 56.4 19.6 11.5 22 17.4 10-11 12.8 ± 2.7
120 245 110 233 129 30 180 241 160-205 77 ± 2.2
78.5 221 80.9 202 113 20 130 251 — 174 ± 3.1
6.6 8.9 6.1 11.3 4.0 5 22 11.1 8-20 —
2.1 10.5 4.2 10.7 3.6 0.8 7.5 11.9 — —
Cawse Cawse Cawse Cawse Cawse Diederen and Diederen and Rretzschmar and DCMR 19—* Dedeurwaerc
1975 1976 1976 1977 1977 Guicherit 1981* Guicherit 1981* Cosemans 1979 et al. 1983
HtÉÉÉMÉiAaiHftSi
1988°
March
Cruise
1988-1989" 
Aug. 88-Oct. 89 
Cruise
1988-1989" 
Dec. 88-Oct. 89 
Cruise
1993" 1993"
August Oct.- Nov. 
Cruise Cruise 
Arithm. mean Arithm. meant. mean Geom. mean Arithm. mean Geom. mean Arithm. mean Geom. mean
— — — 1.25 ± 1.30 0.76 ± 2.87 — —
4.5 8.2 6.3 ± 5.87 4.4 6.9 ± 9.43 1.8 ± 8.35 1.9 ± 1.0 4.2 ± 3.3
44.0 25.5 34.5 ± 35.3 20 29.1 ± 39.8 8.8 ± 9.65 <DL 17.4 ± 13.1
48.4 42.9 41 ± 41.1 26 74.6 ± 98 32 ± 5.07 6.2 ± 4.2 20.5 ± 14.7
2.9 5.1 3.8 ± 2.75 2.5 — — 1.7 ± 1.2 4.4 ± 4.6
12.4 25.0 4.7 ± 4.58 3.1 — — 1.5 ± 0.4 2.9 ± 2.6
et al. 1994 Chester and Bradshaw 1991 Ottley and Harrison 1993 Injuk 1995 Injuk 1995
îles
1981"
De Blankaert
(B)
1981-1982 
March 81-March 82
Hamburg
(D)
Arithm.
mean
1984-1985" 
Aug. 84-Aug. 85
South Holland (NL) 
2 different locations
1986-1987" 
Aug. 86-Feb. 87
South Holland (NL) 
3 different locations
1987"
Hage
(NL)
Arithm.
mean
1987-1988"
March 87-March 88
Hemsby
(U.K.)
Not
specified
Not
specified
Not
specified
Not Not 
specified specified
Not
1 specified
Not
specif
3.4 ± 2.0 2.9 ± 1.5 1.9 2.0 1.1 0.8 0.8 0.8 ± 0.7 1.1 ± 1.0 0.3
12.8 ± 2.7 112 ± 55 23 (cont) — 3.7 5.0 3.7 5.5 ± 6.4 — 5.6
77 ± 2.2 435 ± 240 167 178 36 116 57 45.5 ± 35.8 34 ± 31 63
174 ± 3.1 318 ± 149 172 (cont) 200 (cont) 34 64 48 59.3 ± 80.7 41 ±37 24
— 9.5 ± 4.3 15 12 4.0 9.1 7.9 2.8 ± 2.5 2.7 ± 2.9 4.6
— 7.4 ± 4.3 2.9 2.6 3.6 14 4.6 — — 2.5
Dedeurwaerder Steiger 1991 Van Daalen 1991 Van Daalen 1991 Steiger 1991 Yaaqub et al. 1991 Van I
et al.1983
1987-1988°
!8 Sept. 87-March 88
South Holland (NL) 
3 different locations
1989°
4 periods
Mannington
(U.K.)
1991”
September
Hemsby
(U.K.)
Geom.
mean
1991°
September
Spurn Head
(U.K.)
Geom.
mean
1992-1994° 
October 92 -  May 94 
Blankenberge 
(B)
Not
specified
Not
specified
Not Not 
specified specified
Summer 
Arithm. mean
Winter 
Arithm. mean
0.3 0.4 0.3 0.7 ± 0.91 0.14 0.28 — —
5.6 4.6 4.3 12 ± 22 177 15 3.9 ± 2.7 2.2 ± 2.8
63 56 38 36 ±33 35 5.7 4.3 ± 3.2 12.1 ± 15.2
24 22 18 58 ± 70 33 21 22.5 ± 19.5 21.8 ± 18.2
4.6 4.5 4.6 — — — 4.1 ± 5.1 2.1 ± 1.2
2.5 2.0 1.7 — — — 6.7 ± 8.9 3.5 ± 2.7
Van Daalen 1991 Kane et al. Spokes Spokes Injuk 1995
1994 1991 1991
12 samples 12 samples
western European emissions of Cd, Cu, Zn, and Cr are situ­
ated around the Southern Bight, more precisely in the Ben­
elux region, the neighbouring German Ruhr area, and in the 
south-eastern part of the U.K. So it is obvious that the high­
est trace metal concentrations should be found in this region. 
It is therefore not surprising that the major part of the avail­
able data deals with this part of the North Sea.
Above 54°N, the North Sea is much wider. Lower concen­
trations are expected for this region because of the increased 
distance to the major source areas of aerosols and the lower 
emissions in this region. A further subdivision of this part of 
the North Sea is made into the central and northern North 
Sea. The central part is still influenced to some extent by the 
high emissions around the Southern Bight while the northern 
part usually experiences the flow of clean air from above the 
Atlantic Ocean.
A second distinction is made for each of the four regions 
between coastal measurements (these are measurements per­
formed at land but close to the sea) — for which higher 
concentrations should be expected because of the proximity 
of the emission sources — and measurements on the sea 
(cruises, lightships, and platforms).
For each region all data were ordered chronologically. If 
more data were present for a specific year, only yearly aver­
ages were taken into account to minimize possible effects 
of seasonal or meteorological changes on the concentration 
patterns.
3. Results and discussion
3.1. English Channel
Data on atmospheric trace metal concentrations above the 
English Channel are rather scarce. For both the marine and 
coastal part of the Channel, values in the literature are avail­
able for only a few periods of time between 1981 and 1994 
(Dedeurwaerder 1988; Flament et al. 1987; Otten et al. 
1994; Flament et al. 1996). Therefore, it is hardly possible to 
speak about reliable trends in the concentration profiles. The 
data that can be found in literature for the English Channel 
are summarized in Table 1 and represented in Fig. 2 for Cu, 
Pb, and Zn.
For 1987 only the June data were taken into account since 
the November data were measured under strong continental 
influence, while the other cruises in 1986 and 1987 represent 
marine air masses (Otten et al. 1994). All the values used are 
geometric means since arithmetic means attribute a stronger 
statistical importance to episodically high measured values.
The concentrations in 1982-1984 are rather high com­
pared to the other values. This is because all other values 
(except the 1994 data) were measured during cruises on or 
stations in the English Channel, while the 1982-1984 data 
also include coastal measurements at Wimereux, a semi­
remote location on the French coast of the Strait of Dover. 
Flament et al. (1987) report a Pb concentration of 56 ng/m3 
at Wimereux for the period 1982-1984 while Flament et 
al. (1996) report an atmospheric Pb concentration of only 
17 ng/m3 at the same site but for the period 1982-1983. The 
latter measurements were performed only under marine con­
ditions (winds from the southwest). The higher value for 
the 1982-1984 period is probably caused by the statistical
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weight of episodically high concentrations due to the influ­
ence of the Dunkirk area, which is confirmed by the strong 
correlation between lead, zinc, and iron concentrations, indi­
cating a metallurgical industrial source (Flament et al. 1996).
Flament et al. (1996) also describe the change in the at­
mospheric lead concentrations at Wimereux in 1982-1983 
and 1994. They find that the lead concentrations in atmo­
spheric particulate matter have decreased by a factor of two 
over this 10-year period. They have compared their findings 
with the decrease in the consumption of leaded gasoline in 
France and concluded that the reduction of automotive lead 
emissions is responsible for the observed trends in the lead 
content of atmospheric aerosols.
3.2. Southern Bight
3 .2 .1 . M a rin e  area  o f  the  Southern  B ig h t
The Southern Bight is surrounded at the east side by the 
Netherlands and Belgium and by the U.K. at the west side. It 
is the most investigated region of the North Sea. This is 
not surprising since it is also the most endangered part 
Measurements in the marine area include sampling on ships 
(cruises), on the lightship Westhinder, and on a gas platform 
(Fig. 1). The measurements are described by Peirson et al. 
(1974), Cambray et al. (1975), Elskens et al. (1981), Dehairs 
et al. (1982), Dedeurwaerder et al. (1983), Dedeurwaerder 
(1988), Baeyens and Dedeurwaerder (1991), Chester and 
Bradshaw (1991), Ottley and Harrison (1993), Otten et al.
(1994), and Injuk (1995).
The complete set of data for the marine part of the South­
ern Bight is given in Table 2 and represented in Fig. 3. For 
the reason mentioned earlier, in all cases geometric means 
were used in the graph if both arithmetic and geometric 
values were available. The values of Baeyens and 
Dedeurwaerder (1991) and Dedeurwaerder (1988) for the 
period 1980-1985 were not taken into account in Fig. 3 
since this period overlaps with separate yearly averages re­
ported by other authors. The 1988-1989 data, which were 
found in two different places in the literature, were aver­
aged. Both authors describe the same sampling campaign 
but have used different methodologies (Ottley and Harrison
1993). Also, the 1993 data have been averaged.
In Fig. 3 the 1986 data were not considered. If they were 
taken into account, the concentrations between 1984 and 
1988 would seem to be subjected to heavy fluctuations with 
very high values in 1986 (up to 245 ng/m3 for Zn and 
124 ng/m3 for Pb). The fluctuations can be explained by the 
fact that for the period 1984-1988 only very few and possi­
bly not representative samples have been analysed during 
rather short sampling campaigns (Otten et al. 1994). Con­
centrations therefore are subjected to seasonal changes and 
other time-dependent factors such as wind direction. Otten 
et al. (1994) describe the meteorological conditions during 
some of their cruises as well as backtrajectories. From this 
information one can see that the campaign in 1985 was 
characterized by high wind speeds, with little or almost no 
continental influence. As a result, the atmospheric metal 
concentrations in 1985 were rather low. In contrast with this, 
the campaign in 1986 was characterized by meteorological 
conditions during which pollutant concentrations tend to rise 
rapidly: a combination of low inversion height and low wind 
speeds that limits the natural dispersion of pollutants and the 
absence of any form of precipitation, which restricts the con­
centration decrease through wet deposition. Therefore, very 
high concentrations were found in 1986.
So, if one does not consider the 1986 data, it becomes 
clear that the concentrations seem to behave in a more con­
sistent way. The Pb and Zn concentrations behave in a simi­
lar way. They show an increase from the 1970s to the 
beginning of the 1980s from about 150 to 180 ng/m3 and 
have been decreasing to 13-17 ng/m3 in 1993 with some 
small increases on the way. The campaign in 1988 ended in 
the Thames estuary so the results for this campaign were 
shifted to higher values. The Ni concentrations above the 
Southern Bight were about 10 ng/m3 in the 1970s and in 
1986. For the other sampling campaigns its concentration 
varies between 2.3 and 5.7 ng/m3 but without a certain pat­
tern. The Cu concentrations have dropped from 21 ng/m3 in 
the early 1970s to less than 10 ng/m3 in the early 1980s and 
about 3 ng/m3 in the late 1980s and 1990s, except for 1986 
and 1988, when higher values were found (17 and 8.2 ng/m3, 
respectively). The reason for this has been discussed above. 
For Cr and Cd too few data are present so that no trends can 
be observed.
3 .2 .2 . C o a s ta l a rea  o f  th e  S o u th ern  B ig h t
Measurements have been done at coastal sites on both 
sides of the Southern Bight in the period 1972-1994: in 
the Netherlands (Petten, Schiermonnikoog, Haamstede, Rijn­
mond, South-Holland, Hage), Belgium (Oostende, De Blan- 
kaert, Blankenberge), Germany (Hamburg), and the U.K 
(Styrryp, Leiston, Gresham, Hemsby, Mannington, Spurn 
Head) (Fig. 1). They are described by Peirson et al. (1973, 
1974), Cawse (1974-1977), Cambray et al. (1975), Kretz- 
schmar and Cosemans (1979), DCMR (19—), Diederen and 
Guicherit (1981), Dedeurwaerder et al. (1983), Steiger 
(1991), Van Daalen (1991), Yaaqub et al. (1991), Spokes 
(1991), Kane et al. (1994), and Injuk (1995). All data on 
coastal measurements around the Southern Bight, which is 
the largest dataset of the whole North Sea region, are sum­
marized in Table 3. The trace metal concentration patterns 
for the whole coastal region are represented in Fig. 4.
Fig. 4. Average airborne trace metal concentrations (ng/m3) for 
the coastal area of the Southern Bight
Table 4. Trace metal concentrations (ng/m3) for all sampling campaigns in the marine area of the central North Sea.
Period 1985 1988 1991 1991
April June September September
Location Cruise Cruise Cruise (Alkor) Cruise (Belgica)
Arithm. mean Geom. mean Arithm. mean Geom. mean Not specified Not specified
Cd
Cu
Pb
Zn
Ni
Cr
Reference
Remark
1.7 ± 0.8 1.6 
18.2 ± 10.3 15.6 
13.4 ± 8.8 10.2 
1.0° 1.0
Otten et al. 1994 
5 samples
3.7 ± 0.6 3.6
3.7 ± 0.6 3.6 
1.3 ± 0.8 1.1
16.3 ± 3.8 16.0 
Otten et al. 1994 
3 samples
2.0 ± 0.2 
<DL 
9 ± 2 
3.0 ± 0.2 
5 ± 1
Injuk et al. 1993
1 ± 0.2 
<DL 
4 ± 2 
1 ± 0.2 
2.0 ± 0.2 
Injuk et al. 1993
"Two samples.
Values for Hamburg have not been considered in the 
graph since the concentrations at this highly industrialized 
site are rather high and would therefore interfere with data 
from other places. Also, the values for 1972-1973 and 
1972-1979 have not been used since for these periods sev­
eral data sets are given in the literature for the different 
years separately. In all cases, when values were reported 
by different authors for the same time period, the values 
have been averaged. For 1972 and 1973 only the yearly
averages have been used. In most papers values were re­
ported as arithmetic means; only for De Blankaert, Hemsby, 
and Spumhead were geometric means given. The values 
for Leiston, Styrrup, and Gresham have been converted 
from ng/kg air to ng/m3 according to Cawse (1977).
United Kingdom measurements until 1977: The measure­
ments before 1977 were all done at Leiston and Styrrup, two 
sites in the U.K., in the framework of an extensive sampling
Period 1981-1983“ 1983“ 1984 1984 1984 1985 1985 1985 1984-1985“
July July July January January January May 84-July 85
Kiel Bight Tange Tange Keldsnor Pellworm Tange Keldsnor Pellworm Pellworm
Location (D) (DK) (DK) (DK) (D) (DK) (DK) (D) (D)
Arithm. Not Not Not Not Not Not Not Not
mean specified specified specified specified specified specified specified specified
Cd — 0.6 — — — — — — 0.67
Cu 7.7 3.0 — — — — — — 3.3
Pb 53 40.9 18.4 24.4 23.5 39.7 56.9 66.3 38.8
Zn 57 29.7 — — — — — — 40
Ni 4.0 3.0 — — — — — — 4.4
Cr 2.9 1.6 — — — — — — 1.3
Reference Schneider Kemp Krell and Krell and Krell and Krell and Krell and Krell and Stössel
1987 1984* Roeckner Roeckner Roeckner Roeckner Roeckner Roeckner 1987
1988 1988 1988 1988 1988 1988
“V a lu es  u sed  in  the  g raphs.
'In d ire c tly  c ited  values s in ce  w e  w ere un ab le  to  g e t the  o rig inal reports.
campaign at seven sites in the whole area of the U.K. be­
tween 1972 and 1976 to estimate the amount of trace metals 
in the atmosphere (Peirson et al. 1973). The values for both 
sites have been averaged in Fig. 4 (the values for Petten in 
1973 have not been used in the graph so as not to interfere 
with the Leiston and Stymip data). Since all values are 
yearly averages of weekly and monthly samplings, seasonal 
effects can be excluded. Also, the interference by other fac­
tors such as the use of different sampling and analysis pro­
cedures is not present because during the whole period 
1972-1976 the same sampling and analysis devices have 
been used.
The average airborne Zn level decreased continuously 
from more than 300 ng/m3 in 1972 to about 150 ng/m3 in 
1976. The Pb concentrations show a decrease from the level 
of 270-300 ng/m3 in 1972-1973 to a level of about 
180 ng/m3 in the period 1974—1976. Cr behaves quite simi­
larly. The values found in 1974 to 1976 are only half of the 
ones observed before 1974 (7 ng/m3 instead of 15 ng/m3). 
High Cd concentrations (around 30 ng/m3) are found for the 
period 1972-1973. From 1973 on, Cd concentrations de­
crease to a low value of 3 ng/m3 in 1976. The Cu pattern 
shows a decreasing trend in the period 1972-1974 (from 
26 to 8 ng/m3) but increases again from 1974 until 1976 
when an even higher Cu concentration is found than in 1972 
(38 ng/m3). Ni remains quite stable (7-8 ng/m3) in the pe­
riod 1972-1976 with a slightly higher value in 1973.
Continental measurements between 1977 and 1987: The val­
ues reported for the period 1977-1987 are the results of 
measurements at the Belgian coast and in the Netherlands. 
All concentrations are fluctuating heavily, at first sight with­
out a systematic pattern. This could be explained by the fact 
that the reported data for this period, in contrast to the 
Styrryp and Leiston data for 1972-1976, were collected at 
several different sampling sites with different characteris- 
tics/influences. The low values in 1977 are caused by some 
very low values measured at Schiermonnikoog (NL), a 
rather clean site on the Wadden Islands. Also, the values 
found in 1981 at De Blankaert, a natural reserve near the
Belgian coast, are rather low. The values for 1978-1981 and 
1984-1985 on the other hand are rather high. These samples 
were taken in or near the Rijnmond area, the largest indus­
trial centre of the Netherlands with a vast complex of har­
bours, refineries, storage tanks, chemical plants, and other 
industries and with a high population density, 21% of the 
population of the country (Van Daalen 1991). So the real 
average atmospheric metal concentrations above the whole 
coastal area of the Southern Bight are probably somewhat 
higher than the values reported here for 1977 and 1981 and 
somewhat lower for 1978-1981 and 1984—1985.
A ll data (1972-1994): Trends become more clear if the data 
for both periods are combined and complemented with addi­
tional, more recent values (1988-1994) from single cam­
paigns at some new sites in the U.K. (Hemsby, Mannington, 
and Spumhead) and the Belgian coast (Blankenberge). De­
spite the heavy fluctuations in the period 1977-1987, as dis­
cussed above, there is a very strong decreasing trend in the 
average Pb and Zn concentrations: Pb concentrations have 
decreased from 270-300 ng/m3 in 1972-1973 to 8 ng/m3 in 
1992-1994. Airborne Zn concentrations have evolved from 
306 to 22 ng/m3. The fluctuating trend in the average Cu 
concentrations that was found earlier is confirmed in this 
graph. However, the values in the 1980s and 1990s remain 
below the values found in the 1970s. In 1991 an abnormally 
high Cu level was found by Spokes (1991), but no explana­
tion for this was given by the author. Cd concentrations in 
the coastal area of the Southern Bight are decreasing. The 
strongest decrease is observed between 1973 and 1976 (from 
more than 30 to 3 ng/m3). From 1986 on, Cd concentrations 
remain below 1 ng/m3. Ni concentrations were quite stable 
till 1976 (about 8 ng/m3). For the period 1976-1985 concen­
trations almost double (14 ng/m3), but also stable values are 
observed. Since 1985, the Ni concentration is decreasing 
again to reach its lowest level of 3 ng/m3 in 1992-1994. The 
airborne Cr level showed a sharp drop between 1973 and 
1974 (from about 15 to 7 ng/m3). Since then its concentra­
tion remained below 8 ng/m3 but without a regular pattern.
1985—1986“ 1986“ 1986“ 1987“ 1987“ 1987“ 1987-1989 1988“ 1989“ 1990“ 1992“
Nov.-Dee. June-Dee. Jan.-Dee. Jan.-Dee. Jan.-Dee. Jan.-Dee. September
Helgoland Helgoland Helgoland Helgoland German Westerheversand Helgoland Helgoland Helgoland
(D) (D) (D) (D) FPN Bight (D) (D) (D) (D) FPN
Not Arithm. Arithm. Arithm. Arithm. Arithm. Arithm. Arithm. Arithm. Arithm.
specified mean mean mean mean mean mean mean mean mean
1.4 1.9 — — 0.9 1 0.52 ± 0.40 — — — —
3.9 4.7 3.1 3.9 3.9 3.7 4.8 ± 3.3 3.3 3.0 2.5 u> 1+ o to
28.9 52.6 23.8 21.8 28.5 28.3 26.9 ± 26.2 16 15.6 12.8 15.1 ± 1.1
32.8 46.1 26.6 32.5 42.4 35.1 51.6 ± 47.8 30.9 49.5 46.3 —
2.6 2.9 1.7 2.7 2.4 — 2.8 ± 1.5 2.2 3.0 3.4 6.2 ± 0.3
1.7 1.9 — — — — 1.8 ± 1.8 — — — 4.1 ± 0.5
Kersten et Kersten et Kriews Kriews Steiger Schulz Dannecker et Kriews Kriews Kriews Injuk
al. 1988 al. 1991 1992 1992 1991 1993 al. 1994 1992 1992 1992 1995
Kriews 1992
33 . Central North Sea
3.3.1. Marine area o f  the Central North Sea
In contrast to the Southern Bight almost no data are avail­
able for the marine area of the central North Sea. Con­
centrations are reported in only two publications, for three 
different sampling campaigns (Injuk et al. 1993; Otten et al.
1994). The measured concentrations are given in Table 4.
3.3.2. Coastal area o f  the Central North Sea
The coastal area around the central North Sea includes the 
eastern part of the U.K., Denmark, and the upper north­
western part of Germany. Measurements of concentrations 
of airborne trace elements have been performed at the fol­
lowing sites (Fig. 1): Tange (DK), Keldsnor (DK), Wester- 
heversand (D), Pellworm (D), Helgoland (D), Kiel Bight, 
and the research platform “Nordsee” (FPN) (D). Not all sites 
are real coastal sites: Pellworm and Helgoland are islands, 
whereas the FPN site is a research platform. However, in our 
discussion we consider them as coastal because they are 
located not in the open sea but rather close to the coast. 
Atmospheric heavy metal concentrations for this area are 
given by Kemp (1984), Schneider (1987), Stössel (1987), 
Krell and Roeckner (1988), Kersten et al. (1988, 1991), 
Steiger (1991), Kriews (1992), Schulz (1993), Dannecker et 
al. (1994), and Injuk (1995). The complete set of coastal 
data for the central part of the North Sea is summarized in 
Table 5. All measurements are represented chronologically 
in Fig. 5.
No geometric means were reported in the literature so all 
values are arithmetic means. Values that span a period of 
several years are normally not considered in the graphs if 
values are present for the different years separately, as in the 
case of Westerheversand (1987-1989). However, for 1984 
and 1985 only Pb concentrations are given in literature. 
Moreover these values in 1984 and 1985 should be consid­
ered as being statistically less important since they were ob­
tained during rather short (1 month) sampling campaigns 
and therefore subjected to seasonal differences as can be 
seen from Table 5. Therefore we used the values of 1984-
1985 and 1985-1986. If values were reported by different 
authors for the same period, as in the case of 1986 and 1987, 
values were averaged.
If one compares Figs. 3, 4, and 5, one can clearly see that 
the absolute trace metal concentrations above the central 
North Sea are lower than those found for the Southern 
Bight, especially in the case of Pb, Zn, and also for Ni.
As can be seen from Fig. 5, the trends in the observed at­
mospheric concentrations for the considered elements are 
not so clear at first sight, except for Pb. A problem of course 
is that the data were obtained at several different sites, with 
different characteristics, and influenced by different air 
masses.
The Pb concentrations have dropped from 53 ng/m3 in the 
beginning of the 1980s to about 12.8 ng/m3 in 1990 with a 
negligible increase to 15 ng/m3 in 1992. The latter concen­
tration was measured at the FPN station while the three pre­
ceding values were obtained at the Helgoland site. As can be 
seen from Table 5 also in 1987 slightly higher values are 
found for the FPN station compared to the Heloland site. 
The slightly higher Pb concentration in 1986 is due to high 
values reported by Kersten et al. (1991), which represent a 
polluted period (strong continental influence) of a long-term 
monitoring program. This can clearly be seen if one com­
pares the 1986 data of Kersten et al. (1991) with the 1986 
data of Kriews (1992). For the airborne Zn level, a high 
value was found in 1981-1983 (57 ng/m3). In the following 
period (1983-1988) Zn concentrations were lower, fluctuat­
ing between 30 and 40 ng/m3, but in 1989 and 1990 again 
higher values were reported, respectively 50 and 46 ng/m3. 
So, contrary to the atmospheric Pb concentrations, Zn levels 
do not show a consistent pattern. Ni concentrations are in­
creasing slightly in the period 1986-1992. Cu concentrations 
are somewhat higher in 1981-1983 but afterwards vary only 
between 2.5 and 3.9 ng/m3. They are slightly decreasing 
since 1986 to a level of 2.5 ng/m3 in 1990 but in 1992 a 
higher value of 3.5 is observed again. However, the overall 
higher values that are observed in 1992 could be the result 
of other factors like a different sampling site (FPN) since, as
Fig. 5. Average airborne trace metal concentrations (ng/m3) for 
the coastal area of the central North Sea.
mentioned earlier, slightly higher concentrations are found 
for this site. Because of the lack of data for Cd and Cr noth­
ing can be concluded for these elements.
Helgoland site: In Fig. 6 only the data reported by Kriews 
(1992) for the Helgoland site are given. The decreasing trend 
in the Pb concentrations is obvious, as well as an apparent 
decrease in the atmospheric Cu levels and an increasing ten­
dency of the Ni concentrations. The Zn concentrations show 
an increasing behaviour. According to Kriews (1992), mete­
orological parameters, such as a more frequent occurrence of 
western and northwestern winds during the sampling, cannot 
account for such a strong decrease in the Pb concentrations.
3.4. Northern North Sea
The northern part of the North Sea is surrounded at the 
east side by the southern part of Norway and at the south­
west side only by a small part of the United Kingdom. 
Almost no sampling campaigns, dealing with trace metals, 
have been done on this part of the North Sea. Atmospheric 
heavy metal concentrations are reported in literature by 
Thrane (1978), Pacyna et al. (1984a, 1984b), Amundsen et 
al. (1992), Bartnicki (1994), Ducastel (1994), and Otten et 
al. (1994). The data are summarized in Table 6 for the ma­
rine area and in Table 7 for the coastal measurements. There 
does not seem to be a significant difference between the ma­
rine and coastal data. We did not, however, combine the data 
of the marine and coastal measurements because almost all
Fig. 6. Average airborne trace metal concentrations (ng/m3) for 
the Helgoland site.
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the coastal data deal with the same sampling site (Birkenes); 
combining these results might cover the trends observed at 
this site.
The coastal measurements have been performed at 
Birkenes and Vasser, two sites in southern Norway (Fig. 1). 
According to Thrane (1978) the Vasser site is influenced 
by local sources in urban areas along the Oslofjord. As a 
result the concentrations found at this site are systematically 
higher than those measured at Birkenes. The heavy metal 
concentrations for the coastal area of the Northern North 
Sea, more particularly Southern Norway, are represented in 
Fig. 7.
Because of the above reasons we omitted the Vasser data 
so that the figure only represents the Birkenes site. The data 
from Amundsen et al. (1992) and Pacyna et al. (1984a) for 
1978-1979 have been averaged, as well as the values from 
Bartnicki (1994) and Amundsen et al. (1992). For 1988 and 
1989 (Ducastel 1994) the fine and coarse fractions were 
added. No geometric mean values are available, so all values 
used are arithmetic means.
The Birkenes site is situated in an area with limited in­
dustrial activity and low population density and, therefore, 
airborne concentrations here are mainly due to long-range 
transport of air masses. So, comparing Fig. 7 with the previ­
ous ones again clearly shows the difference between this 
region and the other regions of the North Sea: the observed 
concentrations for the northern North Sea are the lowest of all.
Table 6. Trace metal concentrations (ng/m3) for all sampling campaigns in the marine area of the 
northern North Sea.
Period
Location
1985
April
Cruise
1988
June
Cruise
Arithm. mean Geom. mean Arithm. mean Geom. mean
Cd 0.3 — — — —
Cu 7 3.6 ± 5.0 1.8 4.5 ± 0.6 4.5
Pb 19 12.1 ± 5.4 11.2 — —
Zn — 8.0 ± 12.3 3.3 2.8 ± 1.0 2.6
Ni — 0.6 ± 0.3* 0.6 2.4 ± 1.3 1.9
Cr — — — 17.8 ± 4.6 17.2
Reference Pacyna et al. 1984ba Otten et al. 1994 Otten et al. 1994
Remark 7 samples 4 samples
“Ind irec tly  cited  va lu es  since  w e w ere  unable  to  ge t th e  o rig inal report. 
'T o u r  sam ples.
Figure 7 shows that for the Birkenes site the average Pb 
concentration showed a slight increase from 16.4 ng/m3 in 
1974 to 19.4 ng/m3 in 1980 and has been decreasing contin­
uously ever since to very low values (only 1.3 ng/m3 in 
1989). For Zn no values are given in the literature for the 
1970s. Just as for the Pb concentrations, the atmospheric 
Zn concentrations have decreased by a factor of 10 from 
20.1 ng/m3 in 1980 to 2.1 ng/m3 in 1989. Cu concentrations 
show a smaller decrease, by a factor of 4, from 7.0 ng/m3 in 
1978-1979 to 1.7 ng/m3 in 1988. Also, the Ni levels have 
decreased at this site, but not as smoothly as the other met­
als. For Cd and Cr only a few data are available, so it is not 
possible to observe possible trends in their concentrations.
3.5. Global and European trace metal emission 
inventories
As mentioned in the introduction, during the last decades 
there have been several changes in the energy, industrial, and 
transport sectors that have resulted in an alteration of the 
emission patterns of several trace metals. Global emission 
inventories of trace elements were determined for natural 
sources in 1975 (Nriagu 1979) and 1983 (Nriagu 1989) and 
anthropogenic sources in 1975 (Nriagu 1979; Pacyna 1986) 
and 1983 (Nriagu 1989; Nriagu and Pacyna 1988). The emis­
sions are calculated on the basis of trace element emission 
factors and statistical information on the consumption of ores, 
rocks, and fuels and the production of various types of indus­
trial goods. Similarly some regional studies on trace metal 
emission inventories have been done. A thorough estimate of 
European anthropogenic emissions, including Cd, Cu, Pb, Zn, 
Ni, and Cr, has been published by Pacyna (1984) for 1979. 
More recent data for the 1980s can be found in Pacyna and 
Graedel (1995) and for the beginning of the 1990s, in Pacyna 
(1998). A study that is very interesting to compare with this 
work was done by Olendrzynski et al. (19%). They give a 
historical overview of the atmospheric emissions and deposi­
tions (although still preliminary) of Cd, Pb, and Zn in Europe 
during the period 1955-1987. According to this study, the 
lead emissions from 13 European countries have been in­
creasing since 1955 to reach their maximum value (138 0001) 
in 1975. Afterwards the Pb emissions decreased significantly 
and in 1987 were reduced by 54% to the level of 64 000 t  Cd 
emissions reached a maximum of over 2300 t around 1960
Fig. 7. Average airborne trace metal concentrations (ng/m3) for 
the coastal area of the northern North Sea.
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and then decreased continuously till 1987 to a figure just 
above 800 L Zn emissions were highest in 1965 (94 000 t), 
then stabilized and from 1970 to 1987 there was almost a 
66% reduction to a value of 32 000 t.
3.6. Comparison with atmospheric trace metal 
concentrations in remote areas
From the discussion in the previous sections it is clear that 
some strong decreasing trends can be observed. Of course
Period
Location
1974
Oct.-Dec. 
Vasser (N) 
Arithm. mean
1974“ 
Sept.-Dee. 
Birkenes (N) 
Arithm. mean
1975
April-May 
Vasser (N) 
Arithm. mean
1975“ 
April-May 
Birkenes (N) 
Arithm. mean
1978-1979“
Aug. 78-June 79 
Birkenes (N) 
Arithm. mean Median
1978-1979“
Aug. 78-June 79 
Birkenes (N) 
Arithm. mean
Cd 0.4 ± 0.1 0.2 ± 0.1 0.6 ± 0.5 0.2 ± 0.1 0.29 0.16 0.28
Cu — — — — -- -- 7
Pb 23 ± 13 16.4 ± 8.6 51 ± 16 18.4 ± 6.4 18 13 19
Zn — — — — -- -- (112)
Ni — — — — -- -- —
Cr — — — — 1.1 0.7 1.0
Reference
Remark
Thrane 1978 Thrane 1978 Thrane 1978 Thrane 1978 Amundsen et al. 1992 Pacyna et al. 1984a 
(): possible 
contamination
“V alu es  u sed  in  the  graphs.
“In d irec tly  c ited  values since  w e w ere unable  to  g e t the  orig inal reports.
Table 8. Airborne trace metal concentrations (ng/m3) in some remote areas, compared with the most recent airborne trace metal 
concentrations found in literature for the different marine parts of the North Sea.
Remote areas North Sea subregion (this work)
Alaska
Canadian
Arctic Greenland
Atlantic
Ocean Bermuda Hawaii Antarctic
Southern 
Bight 1993
Central
1991
Northern
1988
Cd 0.37 0.4 0.022 0.005-0.5 0.76 — 0.3
Cu 0.3 0.31 0.9 2.0 0.3 <0.03-0.3 3.1 1.5 4.5
Pb 1.0 0.15-8.0 7 7 1.2 0.07-0.9 17 16 (1985) 11 (1985)
Zn 15 1.0 0.18-2.8 5 6 0.8 <1-21 13 6.5 2.6
Ni 0.08-0.13 <0.03-0.06 3.0 2.0 1.9
Cr 0.09-0.2 0.2 0.5 0.2 <0.04-0.1 2.2 3.5 17
Reference Wiersma and Davidson 1986 Ràdlein and Injuk 1995 Injuk et Otten et
Heumann 1992 al. 1993 al. 1994
the interesting question now is whether the observed con­
centrations already approach the natural background con­
centrations. In Table 8 airborne trace metal concentrations, 
measured in some remote areas and hence supposed to rep­
resent the natural background concentrations, are shown 
(Wiersma and Davidson 1986; Ràdlein and Heumann 1992). 
For this comparison the most recently reported concentra­
tions (in most cases also the lowest), which were considered 
in this study for the different marine parts of the North Sea, 
are also given in Table 8. If concentrations were lacking for 
certain elements, the data were supplemented with data from 
earlier sampling campaigns.
As can be seen from both tables, all concentrations found 
above the North Sea are still higher than those in the remote 
areas. However, the differences are getting smaller. For Pb 
and Zn a clear south to north decreasing trend can be ob­
served.
4 . Conclusions
All literature data on trace metal concentrations in aero­
sols above the North Sea have been gathered and intercom- 
pared to look for possible trends. Six trace metals are 
considered: Cd, Cu, Pb, Zn, Ni, and Cr. A distinction is 
made between measurements in different regions of the 
North Sea: the Southern Bight, the central and northern 
North Sea, and the Channel. A second distinction is made
between coastal and marine areas.
The majority of the data on trace metals in the literature 
deals with the Southern Bight. So the trends observed for 
this part of the North Sea are the most reliable. Also, in this 
part of the North Sea the highest concentrations are found. 
More data are needed to confirm the concentration patterns 
found for the other regions.
Despite some heavy fluctuations a strong decreasing trend 
is observed for the Pb and Zn concentrations above the 
North Sea. A remarkably consistent correlation is found be­
tween the concentration patterns of both elements in most 
parts of the North Sea. This similar behaviour between Pb 
and Zn, which has also been reported by Schneider (1987), 
is most clearly seen for the Southern Bight. Only in the 
coastal area of the central North Sea is a different behaviour 
found. Here Zn concentrations are increasing and Pb and Zn 
are anti-correlated.
For Cd, Cu, Ni, and Cr, much less data are available in the 
literature. Despite this, also for Cd a decreasing trend is 
present, however, not so strong as for Pb and Zn. The air­
borne Cu levels above the different regions of the North Sea 
do not always show a consistent behaviour. In most cases, 
however, the levels found in the late 1980s and early 1990s 
are lower than those observed earlier. Cr and Ni concentra­
tions in most cases are fluctuating without a certain pattern; 
with the small amount of data it is hard to recognise a partic­
ular trend.
1980“ 1985“ 1985-1986“ 1988“I 1989“
Birkenes (N) Birkenes (N) Birkenes (N) Birkenes (N)
Birkenes (N) Arithm. mean Arithm. mean Median Median Median
Fine Coarse Fine Coarse
— 0 . 1 1 0.14 0.08 — — — —
2.4 — 1.6 1.1 <0.6 <1.1 — —
19.4 — 11 7.8 3.6 0.97 0.86 <0.4
20.1 17 15 11 5.9 2.1 1.41 0.64
3 — 1.1 0.7 0.63 <0.6 <0.18 <0.03
— — 0.68 0.45 — — — —
Pacyna et al. 19841/ Bartnicki 1994 Amundsen et al. 1992 Ducastel 1994 Ducastel 1994
21 samples 13 samples
Not enough data are available in the literature to assess 
trends of heavy metal concentrations with wind directions or 
with particle size.
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Abstract
Suspended matter and the dissolved fraction of rainwater collected above the North Sea were characterized using 
electron probe X-ray microanalysis (EPXMA), inductively coupled plasma-optical emission spectrometry (ICP-OES) 
and ion chromatography (IC), respectively. Suspended particulate matter was dominated by aluminosilicates and 
organic particles. Fifteen particle types describe the composition of the North Sea rainwater suspended matter. 
Factor analysis, particle size distributions and manual EPXMA measurements illustrated the complex genesis of 
different particle types: terrigenous; biogenic (both marine and continental); and anthropogenic. It was demonstrated 
that at the beginning of a shower of rain the coarse particles that are present in the air under the cloud are washed 
out, while during the second phase rainout particles, formed in the cloud, become more important due to the 
absence of new coarse particles under the cloud. Above the sea, the total amount of suspended matter (TSM) is 
much smaller and more variable than above the land and also the decrease in particle diameter is less visible. 
Approximately 10% of the studied particles contained trace heavy metals. The dissolved compounds in the North Sea 
rainwater were also variable in time and space. In general, over a short period of time, the concentrations of all 
dissolved compounds seem to decrease during a shower, but this decrease is much larger above land than above sea. 
The concentrations of dissolved trace metals present in rainwater above the southern North Sea has decreased over 
the last 15 years. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
Wet and dry deposition of particulate matter 
are important pathways for the aeolian input of 
sediment matter to the ocean. Dry deposition is a 
continuous process, while wet deposition is 
episodic in nature. On a global scale, both will 
equally contribute to the transfer of airborne 
matter to the sea surface (Peirson et al., 1973; 
Cawse, 1974; Injuk and Van Grieken, 1995), but 
wet deposition of chemical species will dominate 
in regions of frequent precipitation and at an 
increasing distance from emission sources (Hov et 
al., 1987; Fuzzi, 1994). Wet deposition is generally 
considered as a combination of particles (and 
gases) scavenged in and below the cloud, i.e. 
rainout and washout. This scavenging process is 
particle size-dependent. Sub-micrometer sized 
particles are mainly removed through nucléation 
(i.e. incorporation of aerosols in cloud water), 
while coarse particles (>  1 p,m), are primarily 
scavenged by raindrops below the clouds (Tsai et 
al., 1990; Fuzzi, 1994).
Bulk analyses of aerosol and, to a lesser extent, 
rainwater samples have been frequently used to 
estimate the deposition fluxes from the atmo­
sphere to the North Sea (Struyf and Van Grieken, 
1993; Injuk and Van Grieken, 1995). Although, 
during the last decade, micro-analytical tech­
niques have also been used to characterize the 
aerosol matter, hardly any results of single parti­
cle analysis on suspension in rainwater are avail­
able. Bruynseels et al. (1988) and De Bock et al. 
(1994) were the only authors who published 
limited results of EPXMA and laser microprobe 
mass spectrometry (LAMMS) analyses of rainwa­
ter collected above the North Sea.
Here we discuss the results of: (1) EPXMA 
investigations of suspended matter present in 
rainwater, which was collected above the North 
Sea; and (2) bulk analyses of the dissolved frac­
tion of these rainwater samples.
2. Methodology
During all the sampling campaigns in the
Southern Bight of the North Sea (Table 1) a 
manual wet-only rainwater collector was installed 
on the highest deck of the R /V  Belgica at an 
altitude of 10 m above the sea surface. The col­
lector consisted of a 633 cm2 PVC funnel (ASTM, 
1988) which was tightly fitted on a 2-1 polythene 
(PE) collection bottle (Galloway and Likens, 
1976). It was supported by a stainless steel frame­
work fastened at the railing of the highest deck 
on the starboard side. The funnel sheltered the 
metallic framework and thus prevented contami­
nation during the rainwater collection. The fun­
nel was protected from dry deposition with a well 
fitting plastic bag. At the beginning of each rain 
event the funnel was manually uncovered. Imme­
diately after the shower the collection bottle was 
emptied into a 250-ml PE bottle and the funnel 
was rinsed with de-ionized water (Laquer, 1990).
Immediately after collection, the rainwater 
samples were filtered through 25-mm diameter 
aerosol-grade polycarbonate Nuclepore filters 
with 0.45-p.m pore size by using a Sartorius SM 
16306 25-mm glass vacuum filter holder with a 
30-ml funnel and with glass frit filter support. We 
used these smaller filters (i.e. 25 mm instead of 47 
mm diameter), because the collected quantity of 
rain and the number of suspended particles in the 
rainwater samples were small. Until further sam­
ple preparation, filters and filtrates were stored 
frozen (Benoliel, 1994). Before use, the funnels, 
collection bottles, filter holder and laboratory 
equipment were acid cleaned using the procedure 
already described (Jambers et al., 1999). All the 
equipment used (mostly made of plastics) pro­
vided negligible contamination.
An overview of the collected rainwater samples 
is given in Table 1. During 16 September 1993 
(campaign N4) it constantly rained from 04.00 h 
to 13.30 h, which allowed sequential collection of 
the different phases of the rain event (i.e. samples 
N4/R6 A, B and C). During campaign N10, sam­
ples were collected using two rainwater collectors: 
one on the port (P) and one on the starboard (S) 
side of the ship. On 16 November 1995, it rained 
again for approximately 10 h and this rainwater 
was also collected in two phases. In the port of 
Ipswich, samples were collected from two sue-
T a b le  1
S am p lin g  p a ra m e te r s  a n d  p H  o f  th e  ra in w a te r  sam p les
C am p a ig n S am p le P la c e  o f  c o lle c tio n D a te  o f S ta r t E n d  tim e M e a n  w ind M ea n  w in d V o lu m e P H
N o. id e n tif ic a tio n co lle c tio n tim e (h ) d ire c tio n s p ee d (m l)
(h ) (m  s - 1 )
2 N 2 /R 1 C e n tra l  B igh t 22.03.93 15.30 20.00 S 4.4 23 3.6
N 2 / R 2 25.03 .93 11.00 11.30 N 6.4 75 5.8
3 N 3 /R 1 P o r t  o f  Ipsw ich 22.08.93 0.15 9.15 N E 3.0 100 4.2
N 3 / R 2 9.30 13.30 N N E 5.0 80 4.4
N 3 /R 3 C e n tra l  B igh t 26.08.93 9 .00 9.20 N N W 8.5 59 4.2
4 N 4 /R 1 O ff  D u tc h  co as t 13.09.93 11.25 14.00 S E 4.2 11 6.1
N 4 /R 2 O ff  B e lg ian  co as t a n d  
in  th e  p o r t  o f  
Z e e b ru g g e
14.09.93 8.00 11.00 E 5.4 85 5.5
N 4 /R 3 A t G ro o te b a n k 18.45 23.45 W N W 9.4 120 5.3
N 4 / R 4 15.09.93 17.30 18.55 S S E 4.0 75 5.4
N 4 /R 5 O ff  B elg ian  co ast 22 .20 23.30 N E N 4.3 150 4.6
N 4 /R 6 A 16.09.93 4.00 8.20 N W W 10.2 2000 4.9
N 4 /R 6 B 8.20 10.35 W 10.8 500 4.7
N 4 /R 6 C 10.35 13.30 8.9 200 4.4
10 N 1 0 /R 1 P 15.11.95 20.30 22.55 SS W 9.5 450 4.2
N 1 0 /R 1 S 200 5.4
N 1 0 /R 2 A P 16.11.95 0 .30 8.45 11.0 2000 6.5
N 1 0 /R 2 A S 1800 5.4
N 1 0 /R 2 B P 8.45 10.25 W 200 6.7
N 1 0 /R 2 B S 180 4.9
N 1 0 /R 3 P 1 7 -1 8 .1 1 .9 5  19.00 8.00 N 4.6 900 4.7
N 1 0 /R 3 S 700 5.4
ceeding rain events: N3/R1 and N3/R2. These 
samples can be used to study the difference in 
time of rainwater collected at the coast.
All EPXMA measurements were performed us­
ing a JEOL JXA-733 Superprobe, coupled with a 
Tracor Northern TN-2000 X-ray analysis system. 
Automation was achieved with a purpose built 
particle recognition and characterization system. 
After individual particles were identified on 
back-scattered electron (BSE) images, their shape 
was recorded and their chemical composition (all 
elements with Z >  11; detection limits 0.1—1.0%) 
analyzed using a 20-s raster scan. The spectra 
were immediately deconvoluted using the fast fil­
ter algorithm (FFA) and peak intensities stored in 
a large data matrix, which also contained the 
spherical diameter and aspect ratio of the parti­
cle.
Approximately 500 particles, with a diameter 
larger than 0.45 |xm, were characterized per sam­
ple using an acceleration voltage of 25 kV, a 
beam current of 1 nA and a magnification of 
1000. After analysis, the major elements (i.e. ele­
ments present in more than 1% of the particles) 
were selected for data analysis.
Samples were prepared for EPXMA measure­
ments in the same way as for the North Sea 
suspension samples already studied (Jambers et 
al., 1999). The content of organic matter was 
evaluated by staining part of the samples with 
R u0 4. The bottom of a Petri dish was covered 
with 0.5% stabilized Ru04 solution. The samples 
were attached to the top of the dish using double 
sided tape. The lid was placed on the Petri dish 
and the samples exposed to the Ru04 vapors for 
15 min.
Part of each filtrate was prepared for induc­
tively coupled plasma-optical emission spectrome­
try (ICP-OES) (detection limits 0.2-3 ppb; preci­
sion 10%) by acidification with nitric acid, while
Table 2
Selection rules used to characterize the North Sea suspension samples (Jambers et al., 1999) and rainwater suspension samples 
collected above the North Sea
Particle type Particle class Criteria based on relative X-ray intensities
A. Aluminosilicates Al. Pure aluminosilicates Al + Si > 90 and 15 < Si < 85
A2. Aluminosilicates (...) Al + Si + K + Fe > 90 and 15 < Si < 85
A3. Ca-aluminosilicates Ca + Si + Al + K + Fe > 90 and 15 < Ca < 40
A4. Ca-rich aluminosilicates Ca + Si + Al + K + Fe > 90 and 40 < Ca < 70
A5. K-rich aluminosilicates Al + Si + K + Fe > 90 and K> Al
A6. Fe-rich aluminosilicates Al + Si + K + Fe>90 and Fe> Al
A7. Ti-rich aluminosilicates Al + Si + K + Fe + Ti > 90 and Ti > 40
A8. Cl-rich aluminosilicates Al + Si + K + Fe + Cl > 90 and Cl > 40
B. Si-rich Bl. Si-rich Si >85
B2. Si-enriched Si > 50 and Al < 5
C. Ca-rich Cl. Ca-rich Ca > 90
C2. Ca-enriched 70 < Ca < 90
D. Fe-rich Fe + Mn + S + Cr + Zn + Si + Ni > 90 and Fe > 50
E. Ti-rich Ti + Si + Fe + Mn + Cr + Zn + Ni > 90 and Ti > 50
F. S-rich FI. S-rich S > 75
F2. S-Fe-rich S > 40 and Fe > 20
F3. Ba-S-rich Ba > 40 and S > 20
F4. Ca-S-rich Ca > 30 and S > 30
G. Al-rich Al > 50
H. Mn-rich Mn > 50
I. Cr-rich Cr > 50
J. Zn-rich Zn > 50
K. Pb-rich Pb > 50
L. Ni-rich Ni >50
M. Cl-rich Cl >50
N. K-rich K > 50
Y. Organic
Z. Not classified
Sum of the X-ray intensities < 1000
for inductively coupled plasma-mass spectrometry 
(ICP-MS) (detection limits 1-100 ppt; precision 
10%) 100 ppb of indium was added in the filtrates 
as an internal standard. The filtrates were also 
used for ion chromatography (IC) (detection limits 
1-100 ppb; precision 10%) and for pH determina­
tion (Table 1).
During campaign N10, an EPXMA blank was 
prepared by placing a filter in the filter holder 
and adding 25 ml of de-ionized water.
3. Results and discussion
3.1. EPXM A measurements
3.1.1. A utom ated  analysis
To allow a comparison with the suspension
samples collected in the North Sea, identical data 
treatment (Jambers et al., 1999) and selection 
rules (Table 2) were used.
Because the particle types and classes detected 
in the rainwater samples were comparable with 
those we detected in the North Sea suspension 
(Jambers et al., 1999), their sources are only 
discussed briefly in the next paragraphs together 
with their occurrences.
Aluminosilicate (A) and Si-rich (B) particles 
were present in the majority of the samples. Most 
probably they are terrigenous (aeolian) (Jambers 
et al., 1999), but an anthropogenic source cannot 
be excluded (Xhoffer et al., 1991). The alumino­
silicate class A2 dominated the aluminosilicate 
particle type (A) with abundances between 10 and 
50%, while pure aluminosilicates (Al) and Fe-rich 
aluminosilicates (A6) were also present in the
majority of the samples (abundances between 4 
and 25% for both classes). Small quantities 
(1-2%) of Ti-rich aluminosilicates (A7) were de­
tected in a limited number of samples, while 
Ca-enriched (A3), Ca-rich (A4), K-rich (A5) and 
Cl-rich (A8) aluminosilicates were absent.
In the air, Ca-rich particles (C) have a conti­
nental (terrigenous) and marine origin (Xhoffer 
et al., 1991). The particles originating from the 
marine environment are formed through crystal­
lization in aerosol droplets of dissolved salts (in­
cluding calcite, dolomite and gypsum) present in 
evaporated seawater spray. Only abundances of 
1-2% of insoluble terrigenous Ca-rich particles 
were detected in the rainwater samples collected 
during campaign N10. These abundances are 
much smaller than the 15% of Ca-rich particles 
detected in the North Sea aerosol samples 
(Xhoffer et al., 1991; Hoornaert et al., 1996), 
because the majority of these aerosols are anthro­
pogenic CaS04 particles (Hoornaert et al., 1996) 
which are soluble in the rainwater.
Fe-rich (D) and Ti-rich (E) particles were de­
tected in the majority of the samples and had 
abundances between 4 and 36% and 1 and 10%, 
respectively. They both may have terrigenous and 
anthropogenic sources (Xhoffer et al., 1991; Jam- 
bers et al., 1999). In the samples collected during 
campaign N10, iron was also present as S-Fe-rich 
(F2) particles (abundances between 1 and 3%). 
These were most likely iron sulfate particles 
formed by the reaction of iron oxide with sulfuric 
acid during their release from combustion 
processes in ferrous metallurgy (Xhoffer et al, 
1991).
Small quantities of S-rich (FI, 1-4%) and Al- 
rich (G, 0.5-1%) particles were detected in one- 
third of the samples. S-rich particle type origi­
nated most likely from anthropogenic sources, 
although small contributions from a marine source 
cannot be excluded (Bishop and Biscaye, 1982; 
Xhoffer et al., 1991). Al-rich particles could also 
be anthropogenic and terrigenous (Xhoffer et al., 
1991; Jambers et al., 1999). In rainwater collected 
during campaign N10, 1-2% of Mn-rich (H), Cr- 
rich (I) and Zn-rich (J) particles were detected. 
Anthropogenic emissions, and the metallurgical 
industry in particular, are the most important
sources of these trace metal rich particles (Kane 
et al., 1994). However, Cr-rich particles also seem 
to have an important marine source, which is 
most likely related to sea-spray (Van Malderen et 
al., 1996).
Cl-rich particles (M) were only detected in two 
samples, namely 7% in N2/R1 and 11% in 
N4/R2. Because sea salt is very soluble, this 
should not contribute to this particle type. How­
ever, part of the Cl-rich particles detected in 
sample N 4/R 2 contain chlorine and sodium and 
are thus most likely halite. The remaining parti­
cles of N 4/R 2 and all Cl-rich particles of N2/R1 
also contain relatively large amounts of silicon 
and iron and are most likely Cl-rich organic parti­
cles which are coagulated with or coated on Si-rich 
and Fe-rich particles.
Organic particles (Y) were detected in all the 
samples with an exception of N10/R3S. This par­
ticle type was dominated by ‘pure’ organic parti­
cles containing no detectable elements (Z > 11). 
Organic particles containing chlorine, sulfur, 
and/or phosphorus were also found. Although 
these particles contained some detectable ele­
ments, the sum of their X-ray peaks was so low 
that they were classified as organic (Y). The 
abundance of the Cl-rich organic particles seems 
to be related to that of the Cl-rich particles (M); 
it was very high (26 and 34%, respectively) in the 
samples N2/R1 and N4/R2, which were also the 
only samples to contain Cl-rich particles. This 
Cl-rich organic material thus most likely origi­
nated from sea-spray, while pure, S-containing 
and P-containing organic particles were mainly 
biological materials like pollen and bacteria (De 
Bock et al., 1994).
3.1.1.1. Unstained samples. Organic particle types 
(Y) and the aluminosilicate class (A2) were, with 
a combined abundance of over 50%, the most 
important particle groups, although relatively high 
abundances of the Fe-rich (D, up to 35%) and 
Si-rich particles (B, up to 20%) were also de­
tected. The chemical composition of rainwater 
and of particles scavenged by rain is very variable 
in time and space, because it depends on the 
microphysical and dynamic characteristics of the 
cloud and on the chemical composition of the air
masses in which the cloud is formed and in which 
the actual rain event takes place (Fuzzi, 1994). A 
comparable composition of the suspension was 
only detected in the samples N4/R3 and N4/R4, 
which were collected at the Grootebank with a 
time interval of 1 day. Both were dominated by a 
large quantity of organic particles: 62 and 55%, 
respectively. The abundance of organic material 
was only higher in sample N4/R2, which was 
partly collected in the port of Zeebrugge. Overall 
the amount of organic particles was very variable; 
none were detected in sample N10/R3S, while in 
sample N4/R2 77% of the particles were organic. 
Unexpectedly variable abundances of organic par­
ticles were also detected during earlier studies 
(De Bock et al., 1994). It was stated that this was 
the result of either growth of micro-organisms, 
due to the thawing of rainwater during transport, 
or the presence of bird excrements. During this 
study, effects of thawing have been minimized by 
immediate filtering of the majority of the samples. 
Those which had to be transported have been 
frozen immediately after collection and were 
slowly defrosted in a refrigerator just before sam­
ple preparation. The contribution of bird excre­
ment is also expected to be limited, the chance of 
a dropping into the collector during the time of 
exposure to rain fall is expected to be very small. 
These highly variable organic abundances are thus 
most likely only the result of differences in the 
composition of the scavenged aerosols. The im­
portance of both chemical and physical character­
istics of the air masses is also visible by the 
absence of any correlation between the composi­
tion of the suspension and the wind direction and 
wind speed.
Large differences in the abundances of organic 
particles (Y) were also detected in the samples 
N3/R1 and N3/R2, collected in the port of 
Ipswich. The strong increase of organic particles 
(Y, from 6 to 41%) was compensated by a de­
crease from 71 to 38% of the aluminosilicate 
class (A2). The second shower started 15 min 
after the collection of the first had stopped. The 
majority of the coarse aluminosilicate (A) and 
Si-rich (B) particles were washed out during the 
first shower, resulting in a dominance of fine 
particles, including the organic (Y) and Fe-rich
(D) particles, captured by incloud scavenging, 
during the second shower.
During campaigns N4 and N10, different phases 
of rain could be collected. When the abundances 
of the different particle types are compared in 
time (Fig. 1), it was noticed that for the samples 
N4/R6A, B and C, and N10/R2AS and BS, both 
collected at starboard, there was an increase for 
the aluminosilicate class (A2) and the Si-rich par­
ticles (B), and a decrease of the Fe-rich alumino­
silicate (A6) and organic particles (Y). For the 
Fe-rich particles (D) there was a decrease in 
abundance for N4/R6A, B and C but an increase 
for N10/R2AS and BS. For the samples collected 
on port, there was a decrease of pure aluminosili­
cates (Al), aluminosilicates (A2) and organic par­
ticles (Y), an increase of Fe-rich aluminosilicates 
(A6) and Ti-rich particles (E), and no change for 
the Si-rich (B) and Fe-rich (D) particles. When 
the abundances of the total aluminosilicate type 
(A) are used, the expected decrease of these 
coarse particles in time was detected for both 
series of samples of N10/R2, but for N4/R6  
there was a maximum during N4/R6B. It thus 
seems that above the sea the changes in composi­
tion of particulate matter in rainwater over a 
short time interval are not as clear as above the 
land.
When the samples collected during campaign 
N10 at port and starboard are compared, compa­
rable compositions were detected for the samples 
N10/R1 and N10/R2A. The only differences 
were small shifts between the aluminosilicate 
classes (As) (but comparable abundances for the 
total) and an increase of the organic particles (Y) 
at port. This increase was also visible for the 
samples N10/R2B and N10/R3, which also had a 
small increase of Ti-rich (E) and a small decrease 
of Fe-rich (D) particles at port. We concluded 
that the differences between the samples col­
lected at port and starboard were relatively small, 
as expected.
The blank sample, collected during campaign 
N10, mainly contained organic material (56%) 
and Si-rich particles (17%). This relatively high 
abundance of the Si-rich particles indicates that 
part of the contamination originated from the 
glass filtration unit. This contamination can be
Particle type
Ru-stained
Fig . 1. A b u n d a n c e  o f  th e  m a in  p a r tic le  ty p es  d e te c te d  in  th e  u n s ta in e d  a n d  R u -s ta in e d  ra in w a te r  sam p les : (a )  N 4 / R 6  A -C ; (b )  
N 1 0 /R 2  A -B  p o r t;  (c ) N 1 0 /R 2  A -B  s ta rb o a rd . S a m p le  id e n tific a tio n s  see  T a b le  1.
avoided by using polycarbonate filter units, but 
these are unfortunately not commercially avail­
able for filters smaller than 47 mm. Because the 
calculated loading of this blank is low (30 parti- 
cles/mm2), the contamination is negligible and 
the samples collected with this glass filter unit are 
useful from interpretation.
3.1.1.2. Ruthenium-stained samples. Part of the 
rainwater samples, i.e. those which were collected 
during the different phases of the rain event, have 
also been analyzed after staining with Ru04. In 
the EDX-spectrum, the ruthenium peak strongly 
interferes with the chlorine peak (Jambers et al., 
1999), but the error produced by this overlap is
negligible, because limited amounts of Cl-contain- 
ing particles detected in these rainwater samples 
are organic (only in N2/R1 and N4/R2, a few 
Cl-rich particles of marine origin were detected).
Comparison of the Ru-stained and unstained 
samples (Fig. 1), revealed that the main differ­
ence was an increase in the number of organic 
particles (Y). This increase was compensated by 
decreases in the other particle types, mainly the 
aluminosilicate class (A2) and the Fe-rich parti­
cles (D). Because of these limited differences, 
also no differences could be detected in the trends 
within a rain event of these stained and the 
unstained samples (Fig. 1).
For the suspended matter samples collected in
the North Sea (Jambers et al., 1999), ruthenium 
was also detected in all particles present in the 
rainwater, confirming also that rainwater particles 
have an organic coating. The large quantities of 
ruthenium detected in the S-rich (FI), S-Fe-rich 
(F2) and Cr-rich (I) particles indicated the strong 
affinity of organic matter for the adsorption of 
trace metals, and chromium in particular. How­
ever, it also indicates that the S-rich (FI) and 
S-Fe-rich (F2) particles, which are most likely of 
anthropogenic origin, contain relatively large 
quantities of organic material.
The blank collected during campaign N10 was 
analyzed after Ru-staining as well. The abun­
dance of 81% for the organic particles and the 
strong increase of the calculated total suspended 
matter-loading to 160 particles/mm2, illustrates 
that the majority of the contamination is organic. 
However, the loading of this blank is low in 
comparison with that of the samples (on average 
1200 particles/mm2) and thus only a limited 
amount of the organic material detected in the 
samples had originated from contamination dur­
ing sample preparation.
3.1.1.3. TSM . The loadings of the filters and the 
diameter and density of the particles were used to 
calculate the TSM of the unstained and Ru- 
stained samples. However, these calculations, will 
only give an estimation of the TSM because: (a) 
only particles which were detected during auto­
mated analysis, i.e. particles larger than 0.45 |xm 
and with enough BSE signal, were included; (b) a 
homogenous loading of the filter was presumed; 
(c) for the calculation of the particle volumes a 
spherical shape was assumed; and (d) a mean 
density of 2 g/cm 3 for natural particles was used 
(Buffle et al., 1992). In spite of these restrictions, 
the calculated TSM is useful to evaluate the TSM 
fluctuations.
No temporal trend is visible in the TSM-values 
of the samples collected during one rain event 
(Fig. 2). There is a maximum in the middle of the 
shower for N 4/R 6 (Fig. 2). Remarkable is also 
the large quantity of organic material present in 
N4/R6: the TSM of the stained samples is three 
times larger than that of the unstained samples 
(Fig. 2).
Fig . 2. C a lc u la te d  to ta l  s u sp e n d e d  m a tte r  (T S M ) fo r  th e  u n ­
s ta in ed  a n d  R u -s ta in e d  sam p le s  o f  N 4 /R 6 .
The TSM-values of the samples collected dur­
ing two succeeding rain events in the port of 
Ipswich showed a significant decrease. Aerosols 
present below the cloud were washed out during 
the first shower, hence the second rain event 
mainly contained suspension scavenged by rain- 
out. Thus above the land, scavenging by washout 
contributed much more to the suspension in rain­
water than rainout. The TSM of these Ipswich 
samples was also much higher than that of sam­
ples collected above the sea: 6.8 mg/1 for N3/R1 
and 0.80 mg/1 for N3/R2. The concentrations 
detected at the sea vary between 0.004 and 0.50 
mg/1 with an exceptionally high concentration of 
0.80 mg/1 for N4/R1, collected close to the Dutch 
coast. Thus the concentration of suspended mat­
ter is much smaller above the sea than above the 
land.
No correlation could be found between the 
TSM and the wind direction, wind speed or col­
lection location. However, the doubling of the 
TSM values was remarkable for the samples col­
lected on the starboard side compared with those 
collected on the portside. This was visible for all 
stained and unstained samples of campaign N10, 
with the exception of the coated sample N10/R2B  
which had comparable concentrations. The only 
possible explanation is that the wind during the 
rain events was mainly coming from starboard, 
inducing a larger contribution to the TSM from 
sea-spray in the rain collected at starboard.
3.1.2. Factor analysis
Factor analysis performed on the abundances
of the different particle types, indicated that the 
data could be divided according to three factors 
(Fig. 3). Factor 1 is characterized by positive 
loadings for Cl-rich (M) and organic (Y) particles 
and negative ones for pure aluminosilicate (Al), 
Fe-rich aluminosilicate (A6), Si-rich (B), S-Fe- 
rich (F2), Al-rich (G) and trace metal rich [i.e. 
Mn-rich (H) and Zn-rich (J)] particles. This sepa­
rates marine and biogenic particles (M and Y), 
and terrigenous and anthropogenic particles. 
These terrigenous and anthropogenic particles are 
separated in factor 2, which shows a correlation 
between the aluminosilicate class (A2), Fe-rich 
(A6) and Ti-rich (A7) aluminosilicates and Si-rich 
particles (B), and between Fe-rich (D), Ti-rich (E) 
and Al-rich (G) particles. For the North Sea 
suspension (Jambers et al., 1999), factor analysis 
again reveals that Ti-rich aluminosilicates (A7) 
are of terrigenous origin, while Ti-rich particles 
(E) are most likely anthropogenic. In rainwater 
the same is also true for the Fe-rich aluminosili­
cates (A6) and the Fe-rich particles (D): Fe-rich 
aluminosilicates (A6) are terrigenous while Fe- 
rich particles (D) are mainly anthropogenic. Fac­
tor 3 has high loadings for Ca-containing (C) and 
S-rich (FI) particles, which are both present in 
small abundances in a limited number of samples. 
The Ca-containing particles (C) most likely have a 
terrigenous source, while the S-rich particles (FI) 
are thought to be mainly of anthropogenic origin 
(see Section 3.1.1). The minor correlation with 
the aluminosilicate class (A2), Fe-rich aluminosil­
icates (A6) and Si-rich particles (B) points to a 
terrigenous source, but the inverse-correlation 
with pure (Al) and Ti-rich (A7) aluminosilicates 
indicates that anthropogenic sources will also 
contribute to this particle type.
3.1.3. Study o f  trace metal containing particles 
Trace metal-containing particles were studied 
in detail by extracting particles containing vana­
dium, chromium, manganese, nickel, copper, zinc, 
cadmium and/or lead from the original data ma­
trix (Jambers et al., 1999). On average 9% of the 
unstained and 10% of the Ru-stained particles 
were metal-containing. Clustering, enclosing only 
trace metals, revealed that 60% of the particles
contain chromium. Manganese, zinc, nickel and 
vanadium were also present, but in much smaller 
abundances: 20, 10, 10 and 4%, respectively. No 
Pb- or Cd-containing particles were detected, 
which confirms the suggestion that their airborne 
compounds are highly soluble in precipitation 
(Pattenden et al., 1982; Lim et al., 1991).
The trace metals were mostly associated with 
Fe-rich particles (D, 63%), Fe-rich aluminosili­
cates (A6, 18%) and with particles from the 
aluminosilicate class (A2, 7%). Strong correla­
tions have been found between trace metals of 
anthropogenic and natural origin, implying the 
deposition of anthropogenic trace metals on both 
terrigenous and anthropogenic small particles 
(Natusch et al., 1973; Wadge et al., 1986; Lim et 
al., 1991). Thus, not all trace metal containing 
particles have a ‘pure’ anthropogenic origin. 
Chromium was found to be mainly associated 
with Fe-rich (D), Fe-rich aluminosilicate (A6), 
Ti-rich (E) and Al-rich (G) particles, while man­
ganese dominated in Si-rich (B) particles and 
particles from the aluminosilicate class (A2). Also, 
small quantities of Mn-rich (H, 5%), Cr-rich (I, 
2%) and Ni-rich (L, 2%) particles were present in 
the samples. The strong increase in abundance of 
Cr-rich particles in the Ru-stained samples (10% 
instead of 2%), indicate that chromium is strongly 
associated with organic material. In the samples 
small quantities of zinc and vanadium were also 
detected, which were mainly present in Fe-rich 
particles (D) and Fe-rich aluminosilicates (A6) in 
combination with chromium, nickel and/or man­
ganese.
Comparison of the samples collected at port 
and starboard illustrated a doubling of the total 
number of trace metal containing particles at 
starboard (11 and 22%, respectively). This 
doubling is mainly due to the increase of Cr-con- 
taining particles and indicates the importance of 
sea-spray (which is thought to be a more impor­
tant source at starboard than on port, see section 
on TSM) as a source of trace metal containing 
particles in air above the North Sea and of Cr- 
containing particles in particular (Lim et al., 1991; 
Van Malderen et al., 1996). Cr-containing parti­
cles thus most likely have a dominant marine
Factor 1
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Fig . 3. L o a d in g s  o f  th e  th re e  fa c to rs  re su ltin g  fro m  fa c to r  analy sis  o n  th e  a b u n d a n c e s  o f  th e  d if fe re n t p a r t ic le  ty p e s  p re s e n t  in th e  
N o r th  S ea  ra in w a te r  su sp en sio n .
source, while Mn-containing particles, which were 
more important at port, are believed to mainly 
originate from anthropogenic sources (Kane et 
al., 1994).
3.1.4. Size distribution
The size distributions of the different particle 
types can be divided in three groups. Fig. 4 shows 
the distributions of the aluminosilicate class (A2),
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Fig. 4. D iam eter distribution o f the aluminosilicate class (A 2), Fe-rich (D ), and Ti-rich (E ) particles.
Fe-rich (D) and Ti-rich (E) particle types which 
are representative for these groups. The first 
group contains particle types which have a mean 
diameter of 1.9 pm. This large group can be 
subdivided in the aluminosilicate class (A2) and 
Al-rich particles (G), with 40% of the particles 
smaller than 1 |xm, and Fe-rich (A6), pure alumi­
nosilicates (A l) and Si-rich particles (B), with 
50% of the particles smaller than 1 pm. The 
presence of Al-rich particles (G) in this group of 
coarse mineral particles indicates that these are 
most likely also terrigenous. The second group 
consists of Fe-rich (D), S-rich (FI), S-Fe-rich 
(F2), Mn-rich (H) and organic (Y) particles, which 
all have a mean diameter of 1.4 pm and 60% of 
their particles smaller than 1 pm. The last group 
contains the Ti-rich (E), Ti-rich aluminosilicate 
(A7), Zn-rich (J) and Cl-rich (M) particle types, 
which have the smallest mean diameter of 0.9 
pm, and 80% of the particles are smaller than 1 
(xm. The contributors to these last two groups are 
mainly of anthropogenic or marine origin; only 
the Ti-rich aluminosilicates (A7) are thought to 
have a more important terrigenous source. Due 
to the low number of Ca-rich (C) and Cr-rich (I) 
particles present in the unstained samples, no size 
distribution could be calculated for these particle 
types. However, the mean diameter of the Cr-rich 
particles, detected during the trace metal study of 
the Ru-stained samples (see Section 3.1.3), is also 
0.9 pm, which indicates that these Cr-rich parti­
cles can also be classified into the smallest group. 
The small number of Ca-rich particles, on the 
other hand, all have relatively large diameters 
and thus belong to the coarse mineral group.
When the size distributions per sample are 
compared, it can be seen that the particles of 
sample N 2/R 1 and N 2/R 2, both collected in the 
center of the Bight, have relatively large mean 
diameters: 2.3 and 2.5 pm, respectively. Sample 
N 3/R 3 was also collected in the center, but has a 
much smaller mean diameter of 1.2 pm. This 
decrease in diameter can be explained by the 
presence of a north-north-western wind, which 
does not pass over land and thus contains less 
coarse mineral particles. However, the samples 
collected off the Belgian coast also have smaller 
mean diameters: between 1.2 and 1.9 pm. Only
sample N 4/R 1, collected very close to the Dutch 
coast during a south-eastern land wind, has a 
mean diameter of 2.1 pm. These samples, col­
lected close to the coast, contain thus less coarse 
mineral particles than those collected in the cen­
ter of the Bight. Also remarkable is the size 
distribution of sample N 4/R 5 which has a maxi­
mum of 74% for particles with diameters between
1.5 and 2.0 pm. Because the chemical composi­
tion of this sample is comparable with that of the 
others, no explanation could be found for this 
special distribution.
Comparison of the size distributions of the 
samples N 3/R 1 and N 3 /R 2  (Fig. 5), successively 
collected in the port of Ipswich, illustrates a de­
crease in mean diameter from 2.5 to 1.7 pm. The 
coarse particles were washed out during the first 
shower, resulting in a dominance of fine rainout 
particles during the second one. Above sea, this 
decrease in diameter is less visible. For the sam­
ples N 4/R 6A , B and C the mean diameter firstly 
increases from 1.6 to 1.9 pm, followed by a de­
crease to 1.2 pm. Thus in total there was a 
decrease in diameter, but in the intermediate 
sample the diameter was maximum. For the sam­
ples N 10/R 2A  and B, there was a decrease from
1.6 to 1.2 pm at port and an unchanged diameter 
of 1.4 pm at starboard. This constant diameter 
for starboard samples indicates the continuous 
introduction of particles (most likely through 
sea-spray) to the suspended matter scavenged by 
the rainwater.
By comparison of the size distributions of the 
Ru-stained and unstained samples, an increase in 
the mean particle diameter was visible for the 
majority of the samples. At starboard this in­
crease was highest. Because sea-spray is thought 
to be a more important contributor to the sam­
ples collected at starboard (see Section 3.1.1.3), 
this large increase in diameter is most likely a 
result of relatively large ‘low contrast’ particles 
(i.e. particles only detected after Ru-staining) 
produced by this sea-spray. The increase in di­
ameter was also highest for the samples collected 
during the second phase of the rain event. This 
can again be explained by the contribution of 
sea-spray particles, which will be relatively more 
important in the second rain event phase, be-
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Fig. 5. Diam eter distribution o f the succeeding rainwater samples N 3 /R 1  and N 3 /R 2  collected in the port o f Ipswich.
cause then the number of washed out particles is 
reduced. Additionally, these higher increases dur­
ing the second phases also results in an increase 
in diameter with time, instead of the decrease 
visible in the unstained samples.
3.1.5. Manual analysis
Manual EPXMA measurements were used to 
obtain more information about the morphology 
and homogeneity of the individual particles sus­
pended in rainwater. All samples were character­
ized by a limited number of aggregates and a
large abundance of fly-ash particles. These fly-ash 
particles were identified as aluminosilicates (A2) 
and Fe-rich particles (D). Both particle types ap­
pear to have large contributions of anthropogenic 
particles, although natural ones are also of impor­
tance. These anthropogenic particles are classi­
fied under the same particle type as the natural 
ones, because of their similar chemical composi­
tion which disables separation of these particles 
using only EDX-spectra (Taylor and McLennan, 
1985). The typical fly-ash anthropogenic particles 
were aggregates of small spheres.
The samples also contained relatively large 
quantities of quartz particles, confirming the 
dominance of terrigenous Si-rich particles (B) in 
these rainwater samples. The morphology of the 
organic particles revealed that the majority of the 
large organic particles were pollen and seeds and 
thus had a natural origin.
3.2. ICP-OES and IC  analyses
To obtain additional information about the 
rainwater samples, the filtrates were analyzed us­
ing a Perkin-Elmer ICP/6500XR ICP-OES (Per- 
kin-Elmer, Norwalk, CT, USA) and Dionex 4000i 
IC (Dionex, Sunnyvale, CA, USA).
The most striking thing about these results is 
the significant decrease in the concentrations of 
all detected elements measured for the samples 
N 4/R 6 A to C. This decrease is largest between 
N 4/R 6 A and B and coincides with a decrease in 
pH from 4.9 to 4.4. It thus seems that the concen­
trations of sodium, manganese, chlorine, potas­
sium, calcium, nitrate and sulfate is highest at the 
beginning of the rain event and significantly de­
creases afterwards. However, the concentrations 
detected in N 10/R 2 A and B for port and star­
board are comparable. Both N 4/R 6 and N 10/R 2  
were collected off the Belgian coast, but during
N 4/R 6 sampling the air mass had a more north­
ern origin. The significantly increased concentra­
tions of chlorine, sodium, sulfate and potassium, 
all originating from sea-spray, in the samples 
N 4/R 6 A to C indicated that the majority of the 
material present in these samples was marine 
derived. Thus it seems that the concentration of 
dissolved marine material is more subject to a 
decreasing tendency in the time of the rain event 
than the dissolved continental fraction.
The importance of marine input for all the 
elements, detected using ICP-OES and IC, was 
also visible in the significantly lower concentra­
tions present in the samples collected in the port 
of Ipswich: sample N 3/R 1 and N 3/R 2. For these 
successive samples, all elements were also subject 
to a decreasing tendency, but the pH slightly 
increased from 4.2 to 4.4.
For the other elements detected with ICP-OES 
and IC, there was also a decreasing trend in trace 
metal concentrations for the samples N 3/R 1 to 
N 3/R 2  and N 4/R 6A , B to C, while for the 
samples N 10/R 2 A and B a small increase was 
noticed.
The average trace metal concentrations de­
tected during this work (Table 3) are smaller than 
those reported previously for unfiltered rainwater 
from the southern North Sea (Baeyens et al.,
Table 3
Average content and enrichment factors o f soluble compounds in rainwater above the southern North Sea
Element Average content (p.g C ' ) Enrichment factors
This work Baeyens et al. (1990) C C m a r in e
(vs. N a)
^ ^ p o l l u t i o n
(vs. Z n )
N a 58000 1
Mg 5600 0.8
S 13000 2.6
P 300 820
Cl 180000 1.7
K 11000 4.9
Ca 2900 1.3
V 4.5 570000 0.04
M n 19 45 1800000 0.28
N i 29 2700000 0.58
Cu 17 77 1100000 0.39
Zn 360 500 14000000 1.00
Cd 2 10 7500000 0.18
Pb 20 29 120000000 0.04
1990). For manganese this can be explained by 
the dominance of particulate manganese (Cawse, 
1987), but the other trace metals are predomi­
nantly present in the dissolved rainwater phase 
(Nguyen et al., 1979), which rules out large dif­
ferences due to the inclusion of the particulate 
matter. It can thus be concluded that compared 
to the mid-1980s the amount of trace metals 
present in rainwater above the North Sea has 
decreased, especially for cadmium and copper.
The results of these ICP-OES and IC measure­
ments were also used to calculate enrichment 
factors (EF) of the different elements. The 
EFmarine was calculated using sodium as an indica­
tor element:
EFmar;ne — (C;t/C'Na)diss/ ( C r/ C Na)Na ''seawater
where Cx and CNa were the concentrations of the 
element X  and of Na in the filtrate and in the 
seawater (Riley and Chester, 1971), respectively. 
The EFpollutjon was based on the total emission of 
countries which contribute most to the Southern 
Bight: Belgium, the Netherlands, France, Ger­
many, United Kingdom (Pacyna et al., 1984), and 
used zinc as a source indicator. The average val­
ues of these EFs are represented in Table 3 and 
were used to obtain extra information about the 
possible sources of the different elements. In this 
table also values for nitrogen and sulfur are given. 
These are based on IC measurements of nitrate 
and sulfate, presuming that nitrogen and sulfur 
are only present as nitrate and sulfate. No values 
are given for aluminum, silicon, iron and 
chromium because their concentrations were 
below the detection limit. These EF-values indi­
cate that magnesium, chlorine and calcium mainly 
originate from sea-spray and that the sea is also 
an important source for sulfur and potassium. 
The very high EFmarine values for phosphorus and 
for the trace metals clearly indicate that they do 
not originate from the seawater. However, EFmarine 
is based on the composition of bulk seawater and 
the trace metal-enriched surface micro-layer of 
the seawater can still act as a source for these 
trace metals. The importance of other sources 
than anthropogenic pollution for trace metals is 
also indicated from the E F ^ ^ ,^  values which
show that only for nickel is pollution an impor­
tant source. For lead, the reference data were 
recorded in the beginning of the 1980s and that 
since then the emission of lead has significantly 
decreased due to the use of unleaded gasoline 
(Injuk and Van Grieken, 1995). Thus although 
the EFp^mi^ value of lead is very low, anthro­
pogenic pollution is still thought to be the most 
important source of lead in the air above the 
North Sea.
4. Conclusions
The suspended matter present in rainwater col­
lected above the North Sea is dominated by 
aluminosilicates (A2, abundances between 10 and 
50%) and organic particles (Y, abundances up to 
77%). Relatively high abundances of Fe-rich (D) 
and Si-rich (B) particles are detected. The alumi­
nosilicates (A2) are mainly terrigenous, while for 
the Fe-rich particles (D) the anthropogenic source 
was dominant. The Si-rich particles (B) originated 
from land erosion, while the organic rich particles 
(Y) had a marine and continental biogenic source. 
The marine origin seemed to dominate, but for 
the larger organic particles there was also an 
important contribution of pollen and seeds origi­
nating from land vegetation.
For the majority of the samples, important lev­
els of Ti-rich particles (E) as well as pure (A l), 
Fe-rich (A6) and Ti-rich (A7) aluminosilicates 
have been detected. These aluminosilicates are 
mainly terrigenous, although the size distribution 
of the Ti-rich aluminosilicates indicate an impor­
tant amount of small anthropogenic particles. In 
a limited number of samples, small amounts of 
Ca-rich (C), Al-rich (G), S-rich (FI), S-Fe-rich 
(F2), Mn-rich (H), Cr-rich (I), Zn-rich (J) and 
Cl-rich (M) particles were detected, which all 
mainly originated from marine or anthropogenic 
sources. Only Ca-rich particles had a dominant 
terrigenous source.
Because of the variable chemical composition 
of the suspension present in rainwater in time 
and space (Fuzzi, 1994), hardly any correlation 
could be found between the composition of the 
different samples. The variation over a small pe­
riod of time was studied using the samples col­
lected during the different phases of rain. It has 
been proved that at the beginning of a rain shower 
the coarse particles, present in the air under the 
cloud, are washed out, while during the second 
phase rainout particles, formed in the cloud, be­
come more important due to the absence of new 
coarse particles under the cloud. Above the sea, 
the amount of TSM is much smaller and more 
variable than above the land and the decrease in 
particle diameter is less visible. This can be ex­
plained by the continuous input to the suspended 
matter of the rainwater of particles produced by 
sea-spray. This was proven by a significantly higher 
amount of TSM at starboard compared to port. 
The wind was mainly coming from starboard, 
resulting in a higher contribution of sea-spray 
material to the collector at starboard. It thus 
seems that part of the suspension collected in this 
rainwater samples originate from resuspension of 
North Sea material.
A detailed study of Ru-stained and unstained 
specimens revealed that the majority of the parti­
cles contained chromium and to a lesser extent 
also manganese, zinc, nickel and vanadium. 
Chromium was mainly associated with Fe-rich 
aluminosilicates (A6), Fe-rich (D), Ti-rich (E) and 
Al-rich (G) particles, while manganese was found 
in Si-rich particles (A2) and aluminosilicates (A2). 
Zinc and vanadium were only present in combi­
nation with other trace metals. On starboard, the 
total number of trace metal-containing particles 
was doubled compared to port. This was espe­
cially due to an increase of Cr-containing parti­
cles, which indicates that chromium is mainly 
originating from the surface micro-layer of the 
North Sea. Also, a high correlation was found 
between chromium and organic material.
The additional analyses of the dissolved rain­
water fraction illustrated that the dissolved com­
pounds are also variable in time and space. In 
general, over a short period of time, the concen­
trations of all dissolved compounds seem to de­
crease during a shower, but this decrease is much 
larger above land than above sea. This seems to 
be the result of an extra input of marine material, 
because the concentrations of the marine com­
pounds like chlorine, sodium, sulfur and potas­
sium were also significantly higher. It thus indi­
cates that the seawater, and the surface micro­
layer in particular, is an important source for 
trace metals present in air above the North Sea. 
The importance of this marine source is not obvi­
ous in the calculated EFmarine values because these 
use the concentration in the bulk seawater and 
not those in the enriched surface micro-layer. 
The EFs do show the presence of an imported 
marine source for dissolved chlorine, manganese, 
calcium, sulfur and potassium and a significant 
anthropogenic source for nickel. Through a com­
parison with data from the mid-1980s it could also 
be seen that the concentrations of dissolved trace 
metals present in rainwater above the southern 
North Sea have decreased over the last 15 years.
The suspension present in the North Sea rain­
water contains less Ca-rich particles than the 
aerosols collected above the North Sea and North 
Sea suspended matter. This implicates that the 
majority of the Ca-containing aerosol particles 
are soluble in rainwater [mainly gypsum 
(Hoornaert et al., 1996)] and that thus only a very 
limited fraction of them has a terrigenous source. 
This implies that the air is not an important 
source of Ca-rich particles present in the North 
Sea suspension. As the amount of Ca-containing 
particles is also limited in riverine suspension 
(Van Put, 1991), the Ca-containing particles in 
the North Sea suspended matter must have origi­
nated from marine bioproduction or erosion of 
the cliffs of Dover and Calais (Salomons, 1975; 
Nolting and Eisma, 1988; Eisma, 1990).
The amount of trace metal-containing particles 
is much larger in rainwater than in the North Sea 
suspension: 10 and 1.5% (Jambers et al., 1999), 
respectively. This can partly be explained by the 
enrichment of trace metals in the surface micro­
layer of the sea, resulting in a depletion of the 
bulk water. But the difference is so large that this 
also implies that the air is a major source for 
trace metal containing particles present in North 
Sea suspension. The air is also an important 
source of Ti-rich particles, which were more 
abundant in rainwater and for which a good simi­
larity was found between the marine and atmo­
spheric fraction (Xhoffer et al., 1992).
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A recently developed electron probe X-ray microanalysis 
(EPMA), called low-Z EPMA, employing an ultrathin 
window energy-dispersive X-ray detector, was applied to 
characterize aerosol particles collected at two sampling 
sites, namely, Kosan and 1100 Hill of Cheju Island, Korea, 
on a summer day in 1999. Since low -Z EPMA can provide 
quantitative information on the chemical composition 
of aerosol particles, the collected aerosol particles were 
classified and analyzed based on their chemical species. 
Many different particle types were identified, such as marine- 
originated, carbonaceous, soil-derived, and anthropogenic 
particles. Marine-originated particles, such as NaN03- 
and Na2S04-containing particles, are very frequently 
encountered in the two samples. In this study, it was directly 
proven that the observed nitrate particles were from sea 
salts. In addition, two types of nitrate particles from sea salts 
were observed, with and without Mg. The sodium nitrate 
particles without Mg were believed to be collected as 
crystalline form, either with the sodium nitrate particles 
being fractionally recrystallized within evaporating seawater 
drops or with recrystallized sodium chloride particles
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having reacted with gaseous nitrogen species in the air 
to form the crystalline sodium nitrate particles. The other 
seemed to be collected as seawater drops, where the 
atmospheric reaction had occurred in the droplets, and thus 
sodium as well as magnesium nitrates were observed. 
Carbonaceous particles are the most abundant in the samples 
at both sites. From this study, it was found that about three- 
quarters of the carbonaceous particles in the samples 
were biogenic, which partially explains a previously reported 
observation of a large concentration of organic carbon 
particles as compared to elemental carbon. Various soil- 
derived particles were also observed. In addition to 
aluminosilicate- and iron oxide-containing particles, which 
are ubiquitous components in soil-derived particles, 
CaC03-, AI2O3- and Cr-containing particles were also 
frequently encountered.
Introduction
Characterization of airborne particles deepens our under­
standing about the source, reactivity, transport, and removal 
of atmospheric chemical species. Since atmospheric particles 
are chemically and morphologically heterogeneous and the 
average composition and the average aerodynamic diameter 
do not describe well the population of the particles, mi- 
croanalytical methods have proven to be useful for studying 
atmospheric particles. Electron probe X-ray microanalysis 
(EPMA) is capable of simultaneously detecting the chemical 
composition and the morphology of a microscopic volume 
such as a single atmospheric particle (i).A recently developed 
EPMA technique, called low-Z EPMA, allows the determi­
nation of the concentration of low-Z elements such as carbon, 
nitrogen, and oxygen, as well as higher-Z elements, which 
are observed using conventional energy-dispersive EPMA 
(ED-EPMA) (2—4). By the application of the low-Z EPMA 
technique, which employs an ultrathin window energy- 
dispersive X-ray (EDJQ detector, chemical compositions, 
including the low-Z components, of individual particles can 
be quantitatively elucidated. The determination of low-Z 
elements in individual environmental particles allows the 
improvement of the applicability of single-particle analysis; 
many environmentally important atmospheric particles (e.g., 
sulfates, nitrates, ammonium, and carbonaceous particles) 
contain low-Z elements. Furthermore, the diversity of 
atmospheric particles in chemical composition can be 
investigated in detail using the low-Z EPMA technique.
Application of wavelength-dispersive X-ray (WDX) detec­
tion is another possibility for quantitative low-Z element 
analysis. Recently, it was shown that semiquantitative WDX 
analysis, down to oxygen, is feasible even for irregularly 
shaped particles down to 0.8 pm  in equivalent diameter (5). 
The WDX approach has some advantages over EDX in terms 
of its better detection limit for low-Z elements, due to its 
better peak-to-background ratio, and its superior energy 
resolution, resulting in a lower probability of the overlapping 
between low-Z element K- and L-lines of transition metals. 
However, most critically, the much higher current needed 
for the measurements in WDX limits its potential just to the 
particles that are most stable under electron bombardment
There have been approaches to specify environmentally 
important chemical species in individual particles, e.g., nitrate 
and sulfate, using EPMA (6-9). These techniques employ 
chemical reactions on individual particles of interest; for 
example, barium chloride and Nitron are used as reaction
FIGURE 1. Location of the measurement sites and surrounding region.
agents for sulfate and nitrate species, respectively. The 
particles with nitrate or sulfate react with those agents to 
produce characteristic morphologies if reaction occurs so 
that those particles can be identified using either scanning 
or transmission electron microscopy. These techniques have 
proven to be useful to study the atmospheric chemistry of 
nitrate or sulfate species in the reaction with other airborne 
particles, such as sea salt, mineral, and carbonaceous 
particles. However, these techniques only allow the analysis 
of nitrate and sulfate species; furthermore, this analysis is 
purely qualitative since only the presence or the absence of 
those chemical species can be determined.
Another single-particle analysis technique allows the 
identification of chemical species of individual particles 
qualitatively using laser microprobe mass spectrometry, the 
so-called ATOFMS (10-12). This technique can analyze the 
aerodynamic sizes and chemical compositions of individual 
particles in real time, and even the instrument can be portable 
(12) so that it can be used in the field. By application of the 
ATOFMS technique, the complex nature of airborne particles 
has been directly revealed (13,14), and it was demonstrated 
that the technique can clearly elucidate the atmospheric 
chemistry between sea-salt particles and gas-phase nitric 
acid as it occurs in the atmosphere (15). However, due to its 
poor reproducibility, the technique can now only provide 
qualitative determination of chemical species in individual 
particles.
The low-Z EPMA was applied to characterize aerosols 
collected at Cheju Island, Korea. Cheju Island is an ideal 
place to study continental and marine influences on aerosols 
because it is surrounded by the Korean peninsula, mainland 
China, Japan, and the China Sea (see Figure 1), and it is also 
one of the cleanest areas in Korea. Several extensive works 
on the aerosol composition on the island have already been 
carried out, such as studies on summertime characteristics 
of the aerosol including carbonaceous species (16), seasonal 
variation of the overall aerosol composition (17—21), and 
seasonal variation of particulate nitrate (22). Also, two 
modeling studies were performed to understand the seasonal 
behavior of the aerosol composition (23) and the aging 
processes of sea-salt and mineral aerosols (24) on this island. 
These studies emphasize the importance of this island as a 
sampling site for the study of long-range transport of aerosols 
in northeastern Asia where emission of air pollutants is 
considerably large (25). However, no single-particle analysis 
has been applied to aerosols at Cheju Island until now, which
may provide detailed and new information on the chemical 
composition of the aerosols. We performed single-particle 
analysis for samples collected on a summer day in 1999. In 
this work, aerosol samples collected at Kosan and 1100 Hill 
of Cheju Island were characterized by using the low-ZEPMA. 
Detailed information on chemical composition and size 
distribution of the particle samples were provided by this 
single-particle analysis. From this study, we report some new 
findings on chemical compositions of the aerosol particles 
in Cheju Island and also a direct proof of nitrate formation 
from sea salts. However, this study presents more questions 
than answers on the characteristics of aerosols at Cheju 
Island. Currently, an international research project, called 
Aerosol Characterization Experiment—Asia (ACE-Asia), is 
being carried out until 2004 (homepage: http://saga. 
pmel.noaa.gov/aceasia) to understand the characteristics of 
aerosols in northeastern Asia in more detail. Kosan is one of 
the focal sampling sites for this project. By continuing the 
single-particle analysis using the low-ZEPMA at this sampling 
site, we hope to clearly address the new questions raised by 
this work.
Experimental Section
Samples. Samplings were done at two different sampling 
sites on Cheju Island, namely, Kosan and 1100 Hill (see Figure
l) . The Kosan sampling site (33°17' N, 126°10' E; altitude, 60
m) is just 10 m away from the coast, and the 1100 Hill site 
(33°21' N, 126°27' E; altitude, 1100 m) is located in the middle 
of a forest on the slope of Halla Mountain with an elevation 
of 1950 m. The distance between the two sites is ca. 30 km. 
Each set of aerosol samples was collected at the two sites on 
J une 19,1999. Particles were sampled on Ag foil using a seven- 
stage May cascade impactor (26). Samplingwas from 9:40 to 
11:50 am at Kosan and from 2:20 to 3:30 pm at 1100 Hill. The 
sampling duration varied between 2  (for stage 6 ) and 128 
(for stage 1) min at Kosan to obtain a good loading of particles 
at the impaction slots. At 1100 Hill, it was approximately half 
of that at Kosan, implying higher aerosol concentrations at 
1100 Hill during the sampling time. The May impactor has, 
at a 20 L/min sampling flow, aerodynamic cutoffs of 16, 8 , 
4, 2, 1, 0.5, and 0.25 nm for stages 1-7, respectively. The 
seventh stage was not analyzed because the very small size 
of particles collected on the stage was not suitable for EPMA 
measurements. Some 300 particles for each stage sample, 
except stage 6  sample collected at Kosan, were analyzed; in 
total, there were 2888 particles. The May impactor has an 
impacting slit at each stage, and thus the aerosols collected 
on the Ag foil substrate show a slit pattern. A distinct slit line 
on stage 6  of the sample collected at Kosan was seen just 
after aerosol collection, and yet it was not possible to find 
the aerosols under electron microscopy. This was a unique 
occasion in our measurements, and the explanation for this 
is that mostly moisture aerosols might be collected at stage 
6 , of which the aerodynamic cutoff diameter is 0.5 /an, and 
then they evaporated during storage or under vacuum in the 
EPMA instrument. On the day before the sampling time, it 
had rained all day, and some of fine particles might be washed 
out before our sampling. The collected samples were put in 
plastic carriers, seeded, and stored in a desiccator.
EPMA Measurements and Data Analysis. The measure­
ments were carried out on a JEOL 733 electron probe 
microanalyzer equipped with an Oxford Link SATW ultrathin 
window EDX detector. The resolution of the detector is 133 
eV for Mn Ka X-rays. The spectra were recorded by a Canberra 
S100 multichannel analyzer under control of homemade 
software. To achieve optimal experimental conditions such 
as low level of the background in the spectra and high 
sensitivity for light element analysis, a 10-kV accelerating 
voltage was chosen. The beam current was 1.0 nA for all the
measurements. To obtain statistically enough counts in the 
X-ray spectra and to minimize the beam damage effect on 
the sensitive particles, a typical measuring time of 1 0  s was 
used. The cold stage of the electron microprobe allowed the 
analysis of particulate samples at liquid nitrogen temperature 
(around -193 °C), which enabled us to minimize contami­
nation and reduce beam damage to the samples as welL A 
more detailed discussion on the measurement conditions is 
given elsewhere (2). The size and shape of each individual 
particle was measured from backscattered electron images, 
and its size was estimated as that of an equivalent spherical 
particle using a homemade computer program while the 
X-ray spectrum for each particle was automatically acquired 
under the control of a computer.
The net X-ray intensities for the elements were obtained 
by nonlinear least-squares fitting of the collected spectra 
using the AXIL program (27), and the elemental concentra­
tions for individual particles were obtained from their X-ray 
intensities by application of a Monte Carlo calculation with 
reverse successive approximations. The Monte Carlo cal­
culation is based on a modified version of the single scattering 
CASINO Monte Carlo program (28,29), which was designed 
for low-energy beam interaction generating X-ray and 
electron signals. The modified version of the CASINO program 
allows the simulation of electron trajectories in spherical, 
hemispherical, and hexahedral particles located on a flat 
substrate (2). The simulation procedure determines also the 
characteristic and continuous X-ray flux emitted from the 
substrate material and the influence of the substrate material 
on the energy distribution of the exciting electrons. The 
quantification procedure uses an iterative approach; the 
iterative calculation is finished when measured X-ray in­
tensities for all chemical elements in a particle are well 
matched to intensities simulated by the Monte Carlo 
calculation. In the beginning of the iterative Monte Carlo 
calculation, the differences between measured and calculated 
intensities are considerable so that a successive approxima­
tion approach is employed to find the best match, with 
adjusting input values, e.g., chemical compositions, for the 
following iteration. When convergency is achieved, the 
chemical compositions used for the calculation is the 
obtained chemical composition of the particle. Generally a 
few iterations are enough to find convergency. The quan­
tification procedure provides good accuracy within around 
1 2 % relative deviations between the calculated and the 
nominal elemental concentrations when the method is 
applied to various types of standard particles such as NaCl, 
Si02, CaS04 -2H20, (NHihSCh, and NH4 NO3  (30). More details 
on the quantification procedure can be found elsewhere (4).
Results and Discussion
C lass if ic a tio n  o f  In d iv id u a l P a r t ic le s  a c c o rd in g  to  T h e ir  
C h e m ic a l S p ec ie s . The determination of chemical species 
in individual particles was done in a way to fully utilize the 
information contained in their X-ray data. The chemical 
composition of each particle is never exactly the same as 
that of others; it is rather rare to see particles composed of 
only one pure chemical species, and also particles with two 
or more chemical species have different compositions. Since 
the low-Z EPMA can provide quantitative information on 
chemical composition, we tried to classify particles based, 
as much as possible, on their chemical species. The analytical 
procedure for determining chemical species is described in 
more detail elsewhere (31). Here, we briefly summarize how 
the particle types are classified; first, particles are regarded 
to be composed of just one chemical species when the 
chemical species constitutes at least 90% in atomic fraction. 
Second, it was tried to specify chemical species even for 
particles internally mixed with two or more chemical species. 
Third, it is known that ED-EPMA has high detection limits
TABLE 1. Particle Types and Numbers of Particles Found in 
Kosan Sample8
no. of particles
stage stage stage stage stage
particle type 1 2 3 4 5 sum
a i2o 3 6 1 7
AISifc 11 5 15 7 28 66
AISi/carbc 2 3 5
biogenic 37 62 74 61 3 216
carbon-rich 3 2 9 5 19
organic 2 2 16 13 11 44
CaC03 8 5 6 6 1 26
C aS04 3 1 4
CrOx 1 1 4 1 7
(Cr,Fe)Ox 3 3
FeOx 7 3 2 12
NaCI/O 1 3 1 4 3 12
N a N 0 3 3 95 21 28 14 161
Na2S 0 4 5 2 2 10 19
N a(N 03,S 0 4> 3 2 2 1 8
N a(N 03,CI) 6 3 2 1 12
N a(N 03,S 0 4,CI) 2 3 5
N a(S 04,CI) 6 2 8
(N a,M g)C I/0 42 25 5 3 75
(N a ,M g )N 03 1 16 29 58 72 176
(N a ,M g )S 04 1 2 1 5 9
(N a ,M g )(N 03,CI) 11 14 3 28
(N a ,M g )(S 04,CI) 1 5 6
(N a ,M g )(N 03,S 0 4) 4 3 3 10 20
(N a ,M g )(N 03,S 0 4,CI) 5 1 5 11
(NH4)2S 0 4 1 3 9 60 73
S i0 2 8 2 3 13 11 37
SiOa/carb 6 6
C/S/O 2 4 6
Cl/O 4 4
Cl/C 5 5 10
Cl/C/Na/O 14 2 16
Na/Mg/O 1 4 3 8
others'* 2 9 14 10 9 44
NEICe 3 7 29 33 32 104
sum 88 300 300 300 300 1288
“The aerodynamic cutoff diameters for stages 1—5 are 16, 8 , 4, 2, 
and 1 /rm, respectively. b AlSi, aluminosilicates. c Carb, carbonaceous 
species. d Others, particle type with less than 1% frequency in all the 
stages (19 types: Ca(C03,S04), CuOx, CuOx/carb, KNO3, K(C03,N 03), 
(Na,Ca)C03, NajSOycarb, (Na,Ca)S04, (Na,Mg,Ca)N03, (NH,,Na)S04, 
(NH4,Ca)S04, NiOx, MgC03, MgCI2, MgClyN/S, SiC>2/Fe, TiOx, Cl/Mg/O, 
CI/S/O). * NEIC, X-ray spectra for the particles do not have enough 
information for classification.
of 0 .1 - 1 .0 % in weight, mainly due to its high background 
level. Since the low-Z EPMA is used for the analysis of a 
microscopic volume (picogram range in mass for a single 
particle of micrometer size), the elements at trace levels could 
not be reliably investigated. Thus, we do not include elements 
with less than 1 .0 % of atomic concentration in the procedure 
of chemical spéciation.
Overall, 2888 particles for two samples were analyzed, 
and the results of classification based on chemical species 
of the particles are shown in Table 1 for the Kosan sample 
and in Table 2 for the 1100 Hill sample. All together, 52 and 
48 different particle types were identified for the Kosan and 
the 1100 Hill samples, respectively. Soil-derived particles such 
as aluminosilicates, CaC0 3 , Si02, and iron oxides; carbon­
aceous particles; and particles originated from marine 
aerosols are very frequently observed in those two samples. 
Particles containing carbonaceous species, either as single 
species or mixed with others, are the most frequently observed 
(890 out of total measured 2888 particles: 30.8%), followed 
by particles containing NaN03 (637/2888: 22.1%), alumi­
nosilicates (278/2888: 9.6%), (NH4)2 S04  (240/2888: 8.3%), 
Na2S04 (134/2888: 4.6%), Si02  (102/2888: 3.5%), and NaCl
TABLE 2. Particle Types and Numbers of Particles Found in 
1100 Hill Sample3
no. of particles
stage stage stage stage stage stage
particle type 1 2 3 4 5 6 sum
AI2O3 1 12 8 13 22 5 61
AlSi6 4 33 7 7 19 7 77
AlSi/carb6 9 44 27 27 13 3 123
biogenic 59 72 81 70 13 7 302
carbon-rich 3 5 5 4 13 3 33
organic 12 13 16 17 3 6 67
CaC03 1 4 15 6 1 27
CaCCVcarb 2 7 10 1 20
CaSCVcarb 5 5 2 12
CrOx 3 1 4
FeOx 1 1 2 6 12 3 25
FeOx/carb 1 7 3 6 17
KNCVcarb 1 1 3 5
N aN 03 3 4 1 8
Na2S 0 4 3 2 3 1 9
<Na,Mg)N03 49 54 46 13 162
(Na,M g)S04 1 1 7 9
(Na,M g)(N03,CI) 7 3 10
(Na.M g)(N03,S 04> 4 5 13 8 30
<NH4)2S 0 4 11 79 63 153
(NH4)2S 0 4/carb 2 3 2 7
(NH4)2S 0 4/AISi 2 5 7
S i02 1 7 4 15 15 3 45
SiO^carb 3 6 4 1 14
S/O 4 5 38 75 122
others'* 2 5 16 18 12 2 55
NEIC" 1 15 21 18 22 119 196
sum 100 300 300 300 300 300 1600
•T h e  aerodynamic cutoff diameters for stages 1 -6  are 16, 8, 4, 2, 
1, and 0.5 f im , respectively. fc AlSi, aluminosilicates. " Carb, carbon­
aceous species. d Others, particle type with less than 1% frequency in 
all the stages (23 types: AI20 î 'carb,Ca(C03,N 03), (Ca,K)C03, <Ca,Mg)C03, 
(Ca,Mg)S04, (Co,Fe,Ni)Ox, (Cr,Fe)Ox, <Cr,Fe,Ni)Ox, CuOx, K2C 03, K2S 04, 
KN03, <K,NH„)S04, M gC 03, NaNOVAISi, NajStVAISi, (Na,Ca)S04, 
(Na,K)S04, (Na,NH4)S 04, (Na,NH4,K)S04, (Na,Mg)CI/0, NH4(S 04,N 03), 
TiOx/AISi). • NEIC, X-ray spectra for the particles do not have enough 
information for classification.
(89/2888: 3.1%). Since the sampling sites are considered to 
be minimally influenced by local anthropogenic emissions, 
the abundant observations of some particle types, e.g., 
biogenic (one type of carbonaceous species) and soil-derived 
particles, imply strong influence from local natural sources.
Even though the two sampling sites are not located far 
from each other and the air mass delay between two sampling 
times is ca. 5 h, there exist some differences in the 
characteristics of aerosol particles between the two, mainly 
because of their different surroundings; one is close to the 
coast, and the other is in the forest. Aerosol particles 
originated from sea salts are relatively more frequently 
encountered at Kosan, whereas soil-derived, carbonaceous, 
and anthropogenic particles predominate at 1100 Hill. As 
shown in Figure 2, particles containing NaCl, NaN03, and 
Na2S0 4  species are relatively more abundant in the Kosan 
sample. In contrast, particles containing carbonaceous 
species (most of them are biogenic particles) and also soil- 
derived particles, e.g., containing aluminosilicates and iron 
oxides, and (NHikSCVcontaining particles are relatively more 
abundant in the 1100 Hill sample. A more detailed discussion 
on the characteristics of the aerosol particles is given later.
Since EPMA can provide information on the morphology 
of individual particles as well as on chemical composition, 
the size distributions of particles at different stages of the 
May cascade impactor were investigated. The EPMA mea­
surements were done in automatic data acquisition mode, 
where the electron beam is aligned at the center of particles 
by a computer using a homemade software before acquiring 
data from each particle while scanning over the particle. The
TABLE 3. Summary of Number Distributions for Kosan and 
1100 Hill Samples
Kosan 1100 Hill
aerodynamic 1st 2nd 3rd 1st 2nd 3rd
stage cutoff diameter" max max max max max max
1 16 15.8 1 0 . 0 5.0 2 0 . 0 7.9
2 8 6.3 4.0 2.3 7.9 2.5
3 4 4.0 2.3 1.3 6.3 2.5 1.3
4 2 4.0 1.3 0 . 8 4.0 1 . 6 1 . 0
5 1 1 . 6 0.4 1.3 0.4
6 0.5 0 . 8
• In (im.
size of particles is automatically saved in the computer after 
being converted to that of equivalent spherical particles. 
Figure 3 shows the number distributions of particles in each 
stage, based on their size, for the Kosan sample. The 
aerodynamic cutoff diameters for stages 1-5 are specified 
as 16,8,4,2, and 1 /<m, respectively, at a 20 L/min sampling 
flow. The number distribution according to their real 
projected physical size of individual particles at each stage 
is much more complex than believed; some stages have 
multiple maxima in their number distributions and the two 
samples show somewhat different number distributions even 
though the very same impactor was used for aerosol particle 
collections. A summary for the number distributions of the 
two samples is given in Table 3. Overall, as the stage number 
increases and the aerodynamic cutoff size decreases, the peak 
maxima of the number distributions also decrease. Since we 
are dealing with real projected physical sizes measured by 
EPMA, multiple peak maxima are observed mainly because 
particle groups with different densities are collected in the 
stages (shattering of particles at their impaction could be a 
reason for the maxima found at a smaller size than the 
apparent cutoffs of the impactor). The stages of the May 
impactor are supposed to separate aerosol particles based 
on their aerodynamic diameter, which is defined as the 
equivalent diameter of spherical particles with density of 
1.0. For example, the observation of three maxima in the 
number distribution implies that the stage collected particle 
groups with three different average densities. For stages 1 
and 2 of the Kosan sample, the real physical sizes are smaller 
than their aerodynamic cutoffs, implying that particles have 
a somewhat larger density than 1.0. In contrast, the number 
distributions of stages 1 and 2 for the 1100 Hill sample show 
the first maximum at sizes larger than or similar to their 
aerodynamic cutoffs, implying that some particles collected 
at these stages have a lower density. In the same context, it 
could be claimed that stages 4 -6  collected some lighter (the 
first maximum in number distributions) and also heavier 
(the second and third maxima) particles. This result shows 
the complex nature of the size segregation during the 
sampling using a cascade impactor, and it is somewhat 
difficult to extract useful chemical information only from 
the number distribution data.
C h a ra c te r is t ic s  o f  A ero so l P a r t ic le s  C o lle c te d  a t  K o sa n  
a n d  1100  H ilL  Despite the relatively short distance (ca. 30 
km) between the two sampling sites, Kosan and 1100 Hill, 
we observed significant differences in the aerosol charac­
teristics between the two samples. Figure 4 shows 3-day back- 
trajectories of the air mass for our samplings. It was in the 
Northeast Provinces of China, passed over the Yellow Sea 
and the Korea peninsula, and had stagnated over the strait 
between Korea and Japan for 1 day before arriving at Cheju 
Island. From the back-trajectory data, it can be said that the 
air mass had mostly been under marine influence and maybe 
some from Korea and Japan before arriving at the sampling 
sites.
40.0
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FIGURE 2. Frequencies of 10 major groups of particles containing specified chemical species in Kosan and 1100 Hill samples (carb, 
carbonaceous species; AlSi, aluminosilicates).
Equivalent Diameter (jam)
FIGURE 3. Number distributions of particles at each stage, based on their size, in the Kosan sample.
Marine-Originated Particles. As shown in Tables 1 and 2 
and Figure 2, one of the most abundant particle types is 
marine-originated, and there are some strong implications 
that sea salts had reacted with other chemical species before 
the samplings. For example, the chance to observe “genuine” 
sea-salt particles (e.g., NaCl/O and (Na, Mg)Cl/0 particle 
types given in Tables 1 and 2) is relatively very small (89/ 
2888: 3.1%) as compared to “reacted sea-salt” particles (e.g., 
NaNC>3 - and Na2S0 4-containing ones (871/2888: 30.2%)). 
Only Na, Cl, and O are observed for genuine NaCI particles,
which contain some moisture (the EPMA technique cannot 
detect H). In contrast, we observed a number of reacted sea- 
salt particles; e.g., NaN03 particles that are observed fre­
quently in the Kosan sample (161/1288: 12.5%). Also 
internally mixed particles with NaN0 3  and Mg(N0 3 ) 2  are 
abundant; 13.7% for the Kosan sample and 10.1% for the 
1100 Hill sample. In addition, particles containing Na2S04 
and/or MgS04 species are also observed (134/2888: 4.6%). 
We also observed a significant number of Na- and Mg- 
containing particles with Cl as well as other chemical species,
FIGURE 4. Air mass back-trajectory for Kosan (thin line) and 1100 
Hill (thick line) samples.
e.g., (Na,Mg)(N03 ,Cl), (Na,Mg)(S04 ,Cl) and (Na,Mg)(N03>- 
S04 ,C1) types, implying that the reactions between sea salts 
and the other species were not complete so that the particles 
still have some remnant Cl in them. Finally, we calculated 
the ratio of atomic concentrations between Na and Mg in all 
the mixture particles containing NaN03 and Mg(N03)2, i.e., 
338 particles. The ratio is 0.128 with a relative standard 
deviation of 4.7%, which is remarkably similar to that of 
seawater. 0.122 (32). This result provides strong evidence 
for the original source of those particles; they were from the 
sea and reacted with HN03 in air.
Some works based on size-segregated bulk analysis 
claimed that nitrate and sulfate particles are formed from 
sea salts. Zhuang et al. (33) reported that significant chloride 
depletion (74-88%) from coarse-mode sea-salt aerosols was 
observed and that nitrate accounted for 65% of chloride 
depletion when their sampling site (Hong Kong) was under 
prevailing easterly wind accompanied by high relative 
humidity. For aerosols collected at a site near the Arctic 
Ocean, the main components replacing chloride from 
supermicrometer sea- salt particles were reported to be sulfate 
and nitrate followed by methanesulfonate and oxalate (34). 
In addition to the bulk analysis works, some single-particle 
analysis also reported nitrate formation from sea salts; e.g., 
reaction between sea salts and HNO3  to produce NaN03 was 
observed to occur in the atmosphere in a relatively short 
time by the application of the ATOFMS technique (15). Also, 
our analyses on the aerosols collected over the North Sea 
strongly support that the reaction occurs in the air when the 
continental influence dominates on the aerosols over the 
North Sea (3). However, our results presented here based on 
quantitative analysis on Na and Mg concentration in nitrate 
particles might be the most direct proof of nitrate formation 
from sea salt up to now.
One other result by Chen et al. (19) is that Cl is significantly 
depleted in sea-salt aerosols at Kosan, implying that many 
sea salts react. However, it was suggested that nitrate is most 
strongly correlated with non-sea-salt (nss) Ca, and thus nitrate 
at Cheju Island seemed mostly to be calcium nitrate. In their 
work, anions and cations in the aerosols were analyzed using 
bulk analysis, and it was found that the nss Ca concentrations 
were positively related to those of nitrate by application of 
principal component analysis, especially when Kosan was 
strongly dominated by continental influence. Their result is 
obtained from data collected over 3 yr (March 1992-February 
1995), and thus, overall, nitrate might exist more as the 
calcium nitrate species. Our result suggests, however, that 
NaN03 should be regarded as one of the important nitrate 
species in Cheju Island aerosols.
Overall frequencies to observe nitrate particles with Na 
and/or Mg species are higher in the Kosan sample than in 
the 1100 Hill sample (33.2% vs 13.1%). Also, genuine sea salts 
are not observed in the 1100 Hill sample, whereas those are 
quite frequently encountered in the Kosan sample (6.9%). 
The 1100 Hill sample was less loaded by marine-originated 
particles since the 1100 Hill site is some 30 km inland from 
Kosan. There was also a 5-h time difference between 
collections of the two samples, where the 1100 Hill sample 
was collected later. When considering the back-trajectory 
data, the locations of the two sampling sites, and the sampling 
times, it is expected that aerosol particles of marine origin 
collected at 1100 Hill are somewhat more aged than those 
at Kosan.
In the Kosan sample, particles composed only of NaN03 
species are frequently observed as much as particles with 
mixed NaN03 and Mg(N0 3) 2  species, and yet in the 1100 Hill 
sample, those of only NaN03 species are much less frequent 
than those of NaN03  and Mg(N03) 2 species. Also, NaCl 
particles are observed at Kosan, although less frequently than 
NaCl and MgCl2 mixture particles. There is a good possibility 
that those nitrate and chloride particles which contain only 
Na, also contain Mg at trace levels, because the detection 
limits of ED-EPMA are in the range of 0.1—1 wt %. However, 
the average atomic concentrations of Na and Mg elements 
in all the particles containing both NaN03 and Mg(N0 3 ) 2  
species are 14.8% and 1.9%, respectively. In contrast, those 
of Na and Mg elements in all the NaN03 particles are 19.8% 
and 0.3%, respectively. No particle identified as NaN03 and 
NaCl species contains a Mg content larger than 1% in atomic 
fraction. In other words, two types of sea salts were indeed 
observed in the Kosan sample, with and without Mg.
The Na-containing and the Na- and Mg-containing nitrate 
particles were collected in the different proportions at the 
different stages. At the stage with larger cutoff diameter, e.g., 
stage 2, the NaN03  particles are relatively more frequently 
encountered than the Na- and Mg-containing nitrate par­
ticles. The situation is reversed for the stages of relatively 
smaller cutoffs, e.g., stages 4 and 5, where the NaN03 particles 
are relatively less frequently encountered. It implies that the 
NaN03 particles were denser, namely, of more crystalline 
nature, than the Na- and Mg-containing nitrate particles, 
possibly collected in the form of water droplets so that they 
were collected more at the stages of larger cutoff diameters. 
The density of NaN03 is 2.26, whereas that of water droplets 
is almost 1.0. We also calculated the average sizes of both the 
NaN03 particles and the Na- and Mg-containing nitrate 
particles at each stage. The result strongly supports our 
argument that the NaN03 particles were collected as crystal­
line form whereas the Na- and Mg-containing nitrate particles 
were collected more as water drops; the sizes of the NaN03 
particles are much smaller than those of the Na- and Mg- 
containing nitrates (e.g., 3.53 vs 7.14 /xm for stage 2,2.95 vs 
4.64 ^m for stage 3, 1.86 vs 3.70 /im for stage 4, and 1.35 vs 
1.55 /xm for stage 5).
We do not believe that the NaN03 particles were frac­
tionally recrystallized on the stages after collecting aerosol 
particles because the particles were confirmed to be well- 
separated from the other particles using scanning electron 
microscopy. There was also a report claiming that some of 
the aerosol particles sampled over the Southern Ocean using 
an impactor were collected with fractional recrystallization 
within evaporating seawater drops followed by shattering 
(35). During our sampling, the relative humidity was around 
75%, which is very close to deliquescence points of NaCl 
(75%) and NaN03 (74%) (36), and thus some of NaCl- and 
NaN03-containing particles might be crystalline in the air 
before the sampling. It was reported that muticomponent 
aerosols showed smooth transitions in the hysteresis paths 
of particle size with relative humidity instead of the sharp
steps of a pure salt (37). In addition, deliquescence point or 
water activity of a multicomponent system is lower when 
compared to that of each single-component solution as 
shown for an NH4NO3 /NH4 CI system (38). This kind of 
lowering of deliquescence points for multicomponent sys­
tems are well-demonstrated both numerically by using 
thermodynamic models (36) and experimentally (39) , which 
possibly explains why NaN03 particles are in crystalline form 
whereas Na- and Mg-containing particles (a multicomponent 
system) are in droplets.
The particles with both NaN03 and Mg(N03)2 species must 
be formed by the reaction between sea salts and HN03 
dissolved in seawater droplets because the ratio of Mg content 
to Na of the particles is the same as that of seawater. Nitrates 
from sea salts can be formed in the reactions between sea 
salts and several gaseous nitrogen species such as HN03, 
N2O5 , NO2 , and CIONO2 . Among the nitrogen species, HN03 
is reported to be the most important in the nitrate formation 
from sea salts in the marine atmosphere (40). In addition, 
the Henry constant of HN03 is higher than the other nitrogen 
species, and evaporation of nitrate from fine particles to HN03 
in the gas phase and its subsequent transport to coarse sea- 
salt particles are well-established both experimentally (33) 
and numerically (24). Ten Brink performed kinetic studies 
on the reactive uptake of HN03 and H2S04 in sea-salt particles 
in a smog chamber, and he found that a measurable reaction 
between airborne NaCl and HN03 only occurred when NaCl 
particles were present in the form of droplets (41). However, 
it is not clear whether the NaN03 particles were formed by 
the reaction of already crystalline NaCl particles and gaseous 
nitrogen species in the air or whether the NaN03 particles 
were recrystallized within evaporating seawater droplets after 
the reaction.
If, for the NaN03 particles, the gaseous nitrogen species 
would react on the surface of the crystalline NaCl particles 
and if the reaction would not be completely finished, then 
heterogeneous particles would be formed, e.g., NaN03 at the 
surface and NaCl in the core. For the other case, homoge­
neous particles would be generated. We are currently 
developing a new EPMA-based method that allows the 
investigation of the heterogeneity of single particles, and we 
hope that our further research using the new method can 
directly and conclusively address this question. The new 
methodology is based on the use of electron beams with 
different primary energies. With a 10-kV electron energy, 
which is the condition used in this study, a 2 -3  /2m range 
of single particles depending on the chemical composition 
is analyzed. When a lower energy of electron (e.g., 5 kV) is 
used, then a more shallow region of the particles is 
investigated, whereas the deeper region of the particles is 
probed with the higher electron energy, such as 15 and 20 
kV. If a particle is homogeneous, then the obtained con­
centrations of chemical elements in the particles will be 
consistent for the different electron energies. However, if 
the particle is heterogeneous (for example, NaCl in the core 
and NaN03 in the surface), the obtained concentrations of 
chemical elements from surface species such as N and O will 
be larger in the data measured by low electron energy than 
by the higher electron energies, whereas the concentration 
of Cl will be smaller for the lower electron energy. This 
approach indeed provides detailed information on the 
heterogeneity for artificially generated heterogeneous CaC0 3 — 
CaS04 individual particles (42).
It is known that heterogeneous sulfur conversion in sea- 
salt particles might be important (43). Also it is reported that 
the S042- concentration in Cheju island is much higher than 
N03" on average (18, 21). And thus it can be expected that, 
at Kosan, Na2S04-containing particles would be observed. 
However, Na2S04-containing particles are relatively less 
frequently observed as compared to NaN03-containing
particles (4.6% vs 22.1%). Since it rained a whole day before 
the sampling, more water-soluble gaseous sulfur species 
would be washed out more than gaseous nitrogen 
species.
Carbonaceous Particles. Carbonaceous particles are also 
abundantly present in both samples. In our previous study, 
it has been shown that the low-ZEPMA can distinguish three 
different carbonaceous particles, e.g., carbon-rich, organic, 
and biogenic particles (31). Biogenic particles are identified 
when the C and O contents in the particles are similar, and 
they also contain some N, P, S, K, and/or Cl contents, which 
are characteristic elements for biogenic particles. Carbon- 
rich particles were identified when the sum of the C and O 
contents is larger than 90% in atomic fraction and the C 
content is 3 times larger than the O content Organic particles 
are identified if the sum of the C and O contents is larger 
than 90% in atomic fraction, and yet they are not assigned 
to be either biogenic or carbon-rich particles. Therefore, the 
carbon-rich particles are somewhat related to elemental 
carbon (EC) particles, whereas the biogenic particles can be 
regarded as one type of organic carbon (OC) particles.
As shown in Tables 1 and 2, the major carbonaceous 
species in the two samples is biogenic (77.4% for the Kosan 
sample and 75.1% for the 1100 Hill sample). It was reported 
by Kim et al. (44) that, at Kosan, the ratio values of OC and 
EC concentration levels in PM2 .5 showed good consistency, 
except in the summer, when the ratio is higher than for the 
other seasons. And in their work, it was suggested, based on 
the concentrations of gaseous volatile organic compounds, 
that biogenic emissions of OC might be significant during 
summer, which is confirmed from our results.
The mean concentrations of OC and EC during August 
1994 and July 1995 at Kosan for PM2 .5 were reported as 2.36 
and 0.09/*g/m3, respectively; the OC content is some 26 times 
larger than EC in mass base (20). In our study, the ratios 
between the sum of organic and biogenic particles and the 
number of carbon-rich particles for the particles in stages 
4-6  are 17 for the Kosan sample and 6  for the 1100 Hill 
sample. It is somewhat difficult to correlate the results of 
this work about carbonaceous particles with bulk analysis 
data, mainly because our study is on number distributions 
and the bulk analysis provides concentrations in mass. 
However, it is clear from our study that the major source of 
OC is biogenic both at Kosan and at 1100 Hill.
Soil-Derived Particles. Soil derived particles, such as 
aluminosilicates, iron oxide, and CaC03, are quite frequently 
encountered. Since the air mass had been mostly under 
marine influence, most of these soil-derived particles are 
probably from local sources. Two types of aluminosilicate- 
containing particles are identified; aluminosilicate particles 
(represented as “AlSi” in Tables 1 and 2) and particles mixed 
with aluminosilicate and carbonaceous species (represented 
as AlSi/carb). There are many different types of alumino­
silicate minerals, and yet we just classified the particles as 
aluminosilicate when silicon and aluminum oxides are the 
major components. The aluminosilicate-containing particles 
constitute 5.5% (71 particles/total 1288) of the Kosan sample 
and 12.5% (200/1600) of the 1100 Hill sample. They are 
significantly observed in all stages for both samples. These 
particles are much more abundant in the 1100 Hill sample. 
Also, mixed particles of aluminosilicate and carbonaceous 
species are abundant in the 1100 Hill sample (123/1600; 7.7%), 
suggesting two possibilities. One is that the mixed particles 
are just from the local area, so that the particles contain 
carbonaceous species from humic materials in soil. Another 
possibility is the existence of reactions between alumino­
silicate and carbonaceous particles. Since the mixture 
particles are observed more in the 1100 Hill sample, where 
the carbonaceous, especially biogenic, particles are greatly 
abundant, the latter possibility may not be excluded.
Iron oxide-containing particles are believed to originate 
from local soils. They are observed more abundantly in the 
1100 Hill sample (42/1600; 2.6%) than in the Kosan sample 
(12 /1288; 0.9%). For the 1100 Hill sample, iron oxide particles 
mixed with carbonaceous components are encountered 
almost as frequently as iron oxide particles as single species 
(17 vs 25). Soil-derived CaCCVcontaining particles are also 
frequently encountered; 2.0% at Kosan and 2.9% at 1100 Hill. 
Si02-containing particles are observed in similar parts both 
at Kosan (43/1288; 3.3%) and at 1100 Hill (59/1600; 3.7%). 
In addition, chromium-containing particles in both samples 
are observed, although in low abundance. Some of them are 
mixed with iron and/or nickel oxides. AI2 O3 particles are 
observed in a significant amount, especially for the 1100 Hill 
sample (61 particles out of total 1600; 3.8%). It is not clear 
whether these are from local soil. However, since the number 
of these particles is just 7 out of the total of 1288 (0.5%) for 
the Kosan sample and these particles are mostly observed 
at stage 1  (its cutoff diameter is 16 ^ m), this is probably the 
case. Also, these particles are encountered frequently at all 
the stages, which is the same for aluminosilate-containing 
(soil-derived) particles. However, further investigation on 
the local soils would help to conclusively determine the source 
of this type of particles.
(N H 4)2S04 P a r tic le s .  Among particles with other chemical 
species, (NKjhSCh particles are significantly observed in both 
the Kosan and the 1100 Hill samples; they are regarded to 
have anthropogenic origins. The particles are more frequently 
encountered at the stages of smaller cutoff diameters, 
reflecting that they are small in size and formed from gaseous 
species. For the 1100 Hill sample, they sometimes also contain 
carbonaceous or aluminosilicate species.
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